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NOTATION 

The  following  symbols  have  been  adopted  for  use 
in  this  s  tudy  : 


1 J 


a 
a 

A 

AR 

AR 


AR. 


'U 


u 
BOD 

BOD. 


=  coefficient  (inches  per  hour) 

=  coefficient  for  city  i  in  region  j  (inches  per  hour) 

=  area  (acres ) 

=  annual  runoff  (inches  peryear) 

-  annual  runoff  in  city  i  (inches  per  year) 

=  annual  runoff  in  test  city  for  region  j  (inches 
per  year ) 

=  coefficient  (inches  per  hour) 

-  coefficient  for  test  city  in  region  j  (inches  per 
hour) 

=  coefficient  for  city  i  in  region  j  (inches  per  hour) 

-  runoff  coefficient 

=  runoff  coefficient  after  development 

=  runoff  coefficient  prior  to  development 

=  biochemical  oxygen  demand  (mg/1) 

=  biochemical  oxygen  demand  at  5  days  (mg/1) 

-  unit  cost  of  control  ($) 

-  u .'1  i  t  cost  of  resource  i  (  $  ) 

=  initial  concentration  i m  g / 1  ) 


XI 


E 
S 


c(i) 
c  ( i  j 

c(S) 
c(N) 


CA 

CA^ 
1 


d  .  . 
ij 


"i 


concentration  at  t i iti e  t  ( m g / 1  ) 
unit  cost  of  control  i  in  area 


=  um 


($) 


unit  treatment  cost  for  excess  capacity  (annual 

CO 


lars  per  inch  per  hour 

t  cost  of  storage  (annual  dollars  per  acre-"inch 


unit  cost  of  treatment  (annual  dollars  per  acre- inch 
per  hour) 

characteristic  function  representing  individual 
cost  ($/year) 

characteristic  function  representing  joint  cost 
($/year) 

unit  cost  of  dry -weather  treatment  (dollars  per 
pound) 

characteristic  function  representing  cost  to  caoli- 
tion  S_  ($/year) 

characteristic  function  representing  total  cost 
($/year) 

annual  control  cost  to  city  i  for  treatment  level 
■*  ($/year) 

annual  control  cost  to  cities  i  and  j  for  treatment 
level  -j;  (S/year) 

amortized  capital  costs  ($/year) 

amortized  capital  costs  for  treatment  level  ip 
(  $  /  y  e  a  r ) 

amortized  capital  costs  to  city  i  for  treatment 
level  V  ($/year) 


-1 


coefficient(inch'') 

coefficient  for  city  i  in  region  j  (inch"') 

annual  average  dry --weather  flow  (mgd) 

design  capacity  of  drv- weather  plant  (mgd) 

annual  average  dry -weather  flow  from  city  i  (mgd) 


DWB 
DWF 
DO 


e^P 


e^ 


F 
F^(x) 

g  ( X ,  Y ) 

gi(x) 

g,,.(x) 

g,3(x,Y. 

g(R,S,T) 

G 
h 


=    design  capacity  of  dry-weather  plant  (mgd)(city  i 

-  annual  quantity  of  dry- weather  BOD  (pounds  per 
acre-year ) 

-  annual  quantity  of  dry -weather  flow  (inches  per 
year) 

-  dissolved  oxygen  (mg/1) 

=  annual  cost  of  wet- weather  pollution  control, 
in  eastern  U .  S.,  usinc  primary  devices  ($/acre) 

=  annual  cost  of  wet-weather  pollution  control, 
in  eastern  U.  S.,  usitia  secondary  devices 
($/acre) 

=  maximum  weighted  difference  between  an  objective 
and  its  maximum  value 


coefficient  (percent  R) 

coefficient  for  city  i  in  region  j  (percent  R) 

total  annual  cost  ($.) 

sum  of  resource  costs  ($) 

sum  of  damages  ($) 

resource  costs  to  purpose  or  group  j  ($) 

production  function 

constraint  set 

constraint  set  for  purpose  or  group  j 

constraint  set 

production  function  relating  percent  control 
(R)  to  storage  (S)  and  treatment  (T) 


-1 


=  conversion  factor 


coefficient  (percent  R ) 


-1 


coefficient  for  test  city  in  region  j  (percent  R 
coefficient  for  city  i  in  region  j  (percent  R } ~ 
i  m p e r v  i  0 u  s  n e 3  s  ,  a  f  r- a c  c  i  o n  of  p e r c e r;  t 


-1 


XT  1  1 


IC, 

J 

J 
k 
K 


L*. 
LA 
m 
m , 


M. 
J 

M. 


M 
tert 

MB  . 


=  area  or  input 

=  intensity  of  rainfall  (inches  per  hour) 

=  incremental  cost  cf  dry-weather  treatment  ($) 

=  control  option  or  output 

=  constant 

=  BOD  removal  rate  constant,  time 

=  constant 

=  constant 

=  constant 

=  constant  for  treatment  level  i' 

=    pipeline  distance  (miles) 

=  pipeline  distance  from  i  to  j  (miles) 

=  break-even  pipeline  distance  from  i  to  j  (miles) 

=  Lagrangian  function 

=  exponent  (less  than  1) 

-  exponent  for  treatment  level  -'^j    (less  than  1) 

-  pollutant  loading  averaged  over  different  land 
uses  (1 bs/year ) 

=  pollutants  removed  from,  wet  weather  (lbs/year) 

=  optimal  amount  of  pollutants  removed  from  wet 

weather  prior  to  initiating  tertiary  treatment 
(1 bs/year) 

=  pollutant  loading  in  combined  sewered  areas 

=    maximum  value  of  objective  j 

=  pollutant  loading  in  separate  sewered  areas 

=  increased  dry -weather  BOD  removal  through  ter- 
tiary treatment  (lbs/acre) 

=  marginal  benefit  of  output  j  ( $ ) 

xi  V 


MRS 

MRT 

M 

NSC 

OM 


1 


P 

P, 

P. 
J 

P 

PD 

q 
^1 

R 

"■1 

^1 

RO 


marginal  cost  of  i  ( $ ) 

marginal  rate  of  substitution 

marginal  rate  of  transformation 

nitrogen  content  of  wastewater  (mg/1) 

nonseparable  cost  ($/year) 

operation  and  maintenance  cost  ($/year) 

operation  and  maintenance  cost  for  treatment  level 
^    ($/year) 

operation  and  maintenance  to  city  i  for  treatment 
level  'p    ($/year) 

constant 

constant  for  treatment  level  "4^ 

unit  price  for  output  j  ($) 

precipitation  rate  (inches  per  year) 

population  density  (persons /area) 

exponent  (less  than  1) 

exponent  for  treatment  level  ifj 

release  for  city  or  area  i 

constant 

constant 

percentrunoff  control 

percent  pollutant  control 

maximum  percent  pollutant  control 

runoff  rate  (cubic  feet  per  sec] 

number  of  players 

coalition  with  s  players 


sc. 


I 

T* 

T 

h 

TC 
TC' 
TC. 

TC 


sec 


tert 


U 

V  . 

V  ( i  ) 
v(S) 
v(N) 


=  storage  volume  (mg  or  inches) 

=  optimal  storage  volume  (inches) 

=  separable  cost  to  city  in  purpose  i 

=  detention  time,  time 

=  unit  cost  of  transmission  for  area  i  ($) 

=  treatment  rate  (inches  per  hour) 

=  optimal  treatment  rate  (inches  per  hour) 

=  coalition  1^ 

=  treatment  rate  at  which  isoquant  is  parallel 
to  the  ordinate  (inches  per  hour) 

=  treatment  rate  at  which  isoquant  intersects 
the  abcissa  (inches  per  hour) 

=  total  annual  cost  ($/year) 

-  total  annual  cost  for  treatment  level  i|i  ($/year) 

=  total  annual  cost  for  secondary  treatment 
($/year) 

=  total  annual  cost  for  tertiary  treatment  ($/year 

=  constant 

=  constant  for  treatment  level  'jj 

-  constant 

-  constant  for  treatment  level  \\) 

=  characteristic  function  for  player  i 

-  characteristic  function  for  coalition  S_ 

=  characteristic  function  for  all  players 

=  volume  of  storage  required  for  wet-weather  quan- 
tity control  (acre- feet) 

=  maximum  allowaole  release  (acre-feet) 

-  wet- weather  quantity  control  voluine  required  by 
city  i  (acre-feet) 


XV 


w 

7 


w  s 


W 

X 

^; 

x(i) 
x(ij 


^ij 


X 

y 

y 

z 

Zt 

I 

zA 


Z,(X) 


constant 

constant 

constant 

cost  of  wet- weather  control  using  primary  device 
for  the  western  U.  S.  ($/'acre) 

cost  of  wet-weather  control  using  secondary  device 
for  the  western  U.  5.  ($/acre) 

&] 1 owa  bl e  rel ea  se 

input 

i  t  h  input 

cost  assigned  to  group  or  purpose  i 

quantity  controlled  by   th  control  option  in 
area  i 

maximum  available  control  by  jth  control  option 
i  n  area  i 

input  vector 

outputs 

jth  output 

output  vector 

constant 

constant 

constant 

total  annual  cost  ($/acre) 

optimal  total  annual  cost  (dollars  per  acre) 

k  t  h  objective 

annual  cost  for  primary  cortrol  unit  (dollars  per 
acre  ) 

annual  cost  for  secondary  control  unit  (dollars 
per  acre) 
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^1 


^12 

^123 

a  ( i  ,  j 
e  ( i  ,  J 

Y 


=  annual  cost  of  dry-wea oher  quality  control  (dollars 
per  acre) 

=  annual  cost  of  wet-weather  quality  control  (dollars 
per  acre) 

=  annual  cost  of  wet- weather  quantity  control 
(dollars  per  acre) 

=  annual  cost  of  dry-weather  quality  control  and 
wet-weather  quality  control  (dollars/acre) 

=  annual  cost  of  wet-weacher  quality  control  and 
wet-weather  quantity  control  (dollars/acre) 

=  annual  cost  of  dry-weather  quality  control  and 
wet- we  at  her  quantity  control 

=  annual  cost  of  dry-weather  quality,  wet-weather 
quality,  and  wet-weather  quantity  control  (dollars 
per  acre) 

=  pollutant  load  j  from  separate  area  land  use  i 

=  pollutant  load  j  from  combined  area  land  use  i 

=  allocation  vehicle 

=  imputation  vector 

=  imputati  on  i 

=  imputation  vector 

=  imputation  i 

=  treatment  level 

=  treatment  level 

=  efficiency  of  treatment 

=  shadow  price 

=  cost  sharing  and /or  cost  allocation 

=  Lagrange  multiplier 

=  efficiency  of  secondary  treatment 

=  efficiency  of  tertiary  treatment 
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Traditionally,  the  problem  of  urban  wastewater 
management  has  been  viewed  as  the  control  of  urban  storm 
drainage  and  dry-weather  sewage  treatment.   Each  of  these 
purposes  has  been  accomplished  independently  in  a  least- 
cost  manner.   With  the  enactment  of  Public  Law  92-500, 
communities  within  the  designated  uroan  areas  are  required 
to  plan  for  coordinated  wastewater  management.   A  third 
facet  of  ui^ban  V'<c:ste water  management,  i.e.,  wet- weather 
quality  contf^ol,  has  also  become  important  as  the  nation 
strives  to  achieve  the  1983  goal  of  "swimmable  and  fishable' 
waters.   Further,  the  emphasis  of  urban  w a  s  t e v. a  t e r  manage- 
ment has  shifted  frojr,  a  ''least-cost"  solution  to  a  "cost- 
effective"  solution. 

In  this  work,  the  urban  wastewater  management  prob- 
lem is  viewed  as  a  multigroup,  multipurpose  and  multiob- 
j  e  c  t  i  V  e  p  r  o  b  1  e  in  .   Procedures  have  been    developed  for 

X  i  X 


fcrmulation  of  control  strategies  and  for  avaluating  their 
costs  for  acccrnplishing  each  purpose  independently.   If 
the  three  purposes  are  viewed  as  a  part  of  the  overall 
management  plan,  then  it  is  possible  to  take  advantage 
of  the  complementarities  that  exist  among  these  purposes 
in  order  to  reduce  the  cost  of  urban  wastewater  management. 
Procedures  for  evaluating  multipurpose  strategies  are  also 
presented.   The  identification  of  the  cost-effective  solu- 
tion then  involves  identifying  tradeoffs  between  monetary 
and  nonmonetary  costs  of  various  strategies  and  the  selection 
of  a  best  compromise  solution. 

The  equity  question  deals  with  apportioning  of 
the  project  costs  among  groups /purposes  in  a  fair  manner. 
Economic  analysis  indicates  that  users  should  pe  charged 
the  marginal  cost  of  adding  them  to  the  plan.   However, 
in  single-purpose  problems  involving  several  groups  and 
in  multipurpose  problems,  if  purpose (s)  are  accomplished 
simultaneously,  cnarges  equalling  marginal  costs  do  not 
raise  enough  r"e venues  to  cover  total  project  cost.   For 
this  reason,  it  is  customary  to  apportion  the  cost  of  a 
multipurpose  or  a  multigroup  plan  so  thai  each  user  pays 
its  marginal  or    separable  cost  plus  a  portion  of  the  joint 
or  nonseparable  cost.   The  conventional  techniques  for 
accomplishing  this  do  not  necessarily  result  in  an  equitable 
arrangement.   Further,  they  are  difficult  to  use  in  multi- 
purpose wastewater  managemen!;.   The  equity  problem  has 
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been  viewed  in  the  context  of  N -person  cooperative  game 
theory.   It  is  shown  that  these  concepts   when  applied  to 
cost  sharing /cost  allocation  have  desirable  equity  proper- 
ti  es  . 


CHAPTER  1 
INTRODUCTION 

Over  the  Isst  century,  the  United  States  has  under- 
gone a  transformation  from  an  essentially  rural  to  an  ur- 
ban society.   In  the  process,  two  'jery    definite  trends 
have  been  established.   First,  people  have  concentrated 
in  urban  areas.   In  1970,  two-thirds  of  the  total  popula- 
tion was  living  in  Standard  Metropolitan  Statistical  Areas 
(SMSA's)  (Bureau  of  Census,  1971).   The  second  noticeable 
trend  of  concern  has  been  a  steady  decrease  in  average 
urban  population  density  per  unit  area  (Pickard,  1967). 
Taken  together,  these  two  trends  result  in  massive  urban 
sprawl . 

During  the  transition  period,  streets  that  were 
largely  u n p a v e d  with  side  swales  or  ditches  that  stored 
appr-eciable  amounts  of  rain  before  any  runoff  occur' red 
were  replaced  by  smooth  pavement  and  curbs.   .Natural 
tributary  channels  and  water  courses  were  replaced  by 
snoot h,  lined  underground  conduits.   Large  parcels  of 
undisturbed  land  were  converted  into  parking  lots  and 
shocp"ing  centers.   These  factors  combined  to  create  an 
urban  drainage  problem  of  tremendous  magnitude.  Enginee'^inq 
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response  to  these  drainage  needs  consisted  of  intercepting 
the  surface  runoff  (also  called  wet- weather  flow)  as 
quickly  as  possible  and  then  conveying  this  stormwater 
by  means  of  storm  sewers  to  the  nearest  water  course. 
These  practices  caused  tremendous  increases  in  the  peak 
stormwater  runoff  discharged  to  the  receiving  water 
resulting  in  stream  bank  overflows,  increases  in  frequency 
of  flooding,  and  instream  erosion  due  to  high  velocities. 

In  addition  to  stormwater  runoff,  cities  have  also 
been  tr'adi  ti  onal  ly  concerned  with  disposal  of  domestic 
wastes  (also  called  dry-weather  sewage  flow).   Continuous 
discharge  of  relatively  small  concentrated  volumes  of 
dry-weather  sewage  is  of  concern  to  public  health  offi- 
cials as  it  contains  infectious  bacteria.   The  strategy 
has  been  to  dispose  of  this  wastewater  in  the  least  expen- 
sive manner.   At  the  outset,  sewers  designed  for  storm- 
water runoff  were  utilized  to  carry  dry -weather  sewage 
flow  and  reliance  was  placed  on  the  capability  of  surface 
waters  to  provide  enough  dilution  to  this  water  to  pre- 
vent any  health  hazard.   As  the  areas  increased  in  size, 
tne  dilution  capability  of  surface  waters  was  overtaxed. 
Objections  from  citizens  and  public  health  officials 
forced  cities  to  install  treatment  facilities  at  the  end 
o'f  the  sewer  network  to  provide  a  minimum  level  of  treat- 
ment to  the  dry- weather  sewage  flow.   These  facilities 
were  sized  to  accommodate  two  to  +"ive  times  the  average 


dry- we  at  her  flow.   This  excess  capacity  was  provided  pri- 
marily to  acco.Timodate  the  normal  daily  or  seasonal  varia- 
tions in  the  dry -weather  flow.   If,  in  the  event  of  a 
rainfall,  the  rate  of  flow  was  larger  than  the  treatment 
capacity,  the  excess  flow  containing  a  mixture  of  untreated 
sewage  and  stormwater  was  bypassed  directly  to  the  receiving 
water.   This  phenomenon  is  frequently  referred  to  as  a 
combined  sewer  overflow. 

As  public  awareness  of  water  pollution  grew,  the 
Water  Quality  Act  of  1965  was  enacted.   Under  the  Act, 
the  first  siep  was  to  establish  the  "beneficial  use"  to 
which  a  particular  reach  of  water  was  to  be  put.   Then 
water  quality  standards  thai  would  protect  this  use  were 
established.   The  pollution  budget  was  then  allocated, 
ignoring  non-point  sources  (wet-weather  flows)  as  well 
as  future  growth  patterns,  among  various  pollutors  in 
the  area.   Cities  and  industries  were  then  issued  waste 
discharge  permits,  allowing  them  to  discharge  pollution 
up  to  a  c  e  r'  t  a  i  ri  s  p  e  c  -i  f  i  c  amount.   Since  this  Act,  in  general 
required  a  higher  level  of  treatment  to  dry -weather  flow, 
communities  Degan  to  investigate  coordinated  or  regional 
wastewater  treatment  strategies.   The  objective  is  to 
take  advantage  of  the  econoir.ies  of  scale  in  wastewater 
treatment  and/'or  less  restrictive  discharge  requirements 
of  some  loca-cions.   However,  the^e  has  been  little  success 
in  implementing  such  proposals  due  partially  to  the 


nonexistence  of  a  real- wo  rid  regional  authority  with  neces- 
sary power  to  shift  decisions  in  this  direction. 

During  the  late  1960's,  concern  was  expressed 
regarding  the  discharge  of  combined  sewer  overflows  since, 
during  storms,  untreated  combined  sewage  (mixture  of  dry- 
and  wet- weather  flows)  is  directed  to  the  receiving  water 
(Burm  and  Vaughan,  1966).   Cities  were  installing  separate 
sewer  systems  in  newly  developing  areas  to  carry  pollL;ted 
domestic  wastewater  and  supposedly  clean  stormwater  in 
separate  pipes.   Also,  programs  were  initiated  to  separate 
the  existing  combined  sewer  systems.   However,  preliminary 
cost  estimates  indicated  that  this  separation  program 
would  be  •^Qvy    expensive  (American  Public  Works  Association, 
1967).   In  addition,  concurrent  stormwater  sampling  pro- 
grams indicated  that  stormwater  from  urban  areas  contains 
significant  quantities  of  pollutants  picked  up  from  street 
surfaces,  parking  lots  and  drainage  structures  (Benzie  and 
Courchaine,  19  66).   Uncontrolled  discharge  of  these. flows 
may  have  suDStantial  impact  on  receiving  water  quality.   It 
has  recently  been  shown  that,  approximately  20  percent  of 
the  time,  receiving  water  quality  in  an  urban  area  is  con- 
trolled by  stormwater  runoff  (Colston,  1974).'  Thus,  sewer 
separation  may  not  be  yery    cost  effective.   Recognition  of 
this  situation  has  led  many  communities  to  institute  con- 
trols on  stormwater  quantity  and  quality.   As  an  example, 
regulations  of  Orange  County,  Flcrida  state  that  treatment 


"is  required  for  storrrwatar  in  all  drainage  systeiris  to 
reduce  pollutants  and  other  objectionable  material  con- 
tained in  the  stormwater  runoff  (Orange  County,  1972). 

A  great  deal  of  controversy  presently  exists  on 
the  question  of  treatment  of  stormwater  and  combined  sewer 
overflows  versus  treatment  of  dry-weather  sewage  flow 
beyond  secondary  treatment.   Studies  have  shown  that  peak 
stormwater  runoff  after  development  ranges  from  three  to 
eight  times  the  predevelopment  peak  runoff  (Carter,  1961; 
Waananen,  1951).   Other  recent  studies  (Field  and  Lager, 
1974)  indicate  that 

(1)  Biochemical  oxygen  demand  (BOD5)  con- 
centrations of  stormwater  approximately 
equal  the  strength  of  domestic  sewage 
after  secondary  treatment  from  the  same 
land  use.   For  combined  sewer  overflow, 
the  BOD5  loadings  average  approximately 
one- ha  If  the  strength  of  untreated  domes- 
tic sewage. 

(2)  The  total  suspended  solids  (TSS)  content 
of  the  stormwater  runoff  is  generally 
about  three  times  that  of  untreated  sew- 
age but  consists  mostly  of  inorganic 
materials. 

(3)  Bacterial  col i form  content  of  runoff  is 
about  two  or  four  orders  of  magnitude 
smaller  than  untreated  sewage.   However, 
it  is  two  to  f"ive  orders  of  magnitude 
higher  than  is  considered  safe  for  water 
contact  recreation. 

Research  has  also  revealed  that  a  "first  flush"  phenomenon 

is  exhibited  during  t n e  initial  periods  of  a  storm  event. 

Many  of  the  pollutants  in  stormwater  runoff  are  carried  off 

during  this  oeriod  (Bryan,  1972).   This  is  also  true  for 


coi^bined  sewer  overflew  (Lager  and  Smith,  1974).   Due  to 
these  factors  some  people  nave  argued  that  it  may  be  more 
cost-effective  to  treat  combined  sewer  overflow  and/or 
urban  stormwater  runoff  (Bryan,  1972).   This  question  re- 
mains unresolved.   The  management  of  writer  quality  in 
urban  areas  is  further  complicated  by  the  fact  that  these 
areas  usually  encompass  mce  than  one  city  and  the  waste- 
water problems  and  management  goals  of  each  city  within 
the  area  differ.   As  a  result  of  all  me  above  factors  a 
general  degradation  in  the  water  quality  in  urban  areas 
continues . 

Because  of  the  public  health  aspects  of  water 
quality,  states  and  the  federal  government  have  played 
the  role  of  regulating  agencies.   Subsidies  have  been 
provided  to  the  local  governments  as  an  incentive  to 
control  dry-weather  flows.   By  enacting  Public  Law  92-500, 
Congress  initiated  the  most  comprehensive  orogram  against 
water  pollution  the  nation  has  ever  experienced.   Known 
as  the  Federal  Water  Pollution  Control  Act  Amendments  of 
1972,  the  Act  has  two  general  goals    (1)  to  achieve 
where  possible,  by  July  1,  1983,  water  that  is  clean 
enough  for  swimming  and  other  recreational  uses,  and 
clean  enough  for  the  protection  and  propagation  of  fish, 
shellfish,  and  wildlife;  and  (2)  by  1985,  to  have  no  dis- 
charge of  pollutants  into  the  nation's  waters.   Attainment 
of  these  goals  is  expected  to  require  commitments  of 


national  resources  far  in  excess  of  those  ever  committed 
oefore  to  water  oollution  control.   In  a  recent  report  to 
Congress,  the  costs  of  wastewater  treatment  plants  reqijired 
between  now  and  1983  are  estimated  at  SS3  billion.   Another 
$235  billion  is  estimated  for  controlling  stormwater  sys- 
tems {Environmental  Protection  Agency,  1974).   Public  Law 
92-500  provides  for  75  percent  construction  grants  for 
water  pollution  control  works. 

To  encourage  efficient  use  of  national  resources  in 
accomplishing  the  above  goals.  Public  Law  92-500  requires 
preparation  of  Basin  Plans  (Section  303),  Area-wide  Waste 
Treatment  Management  Plans  (Section  208),  and  Facility 
Plans  (Section  201).   The  Basin  Plan  is  a  management  docu- 
ment, which  identifies  the  water  quality  problems  of  a 
particular  basin  and  sets  forth  an  effective  remedial 
program  to  alleviate  those  problems.   It  is  neither  a 
broad  water  and  related  land  resources  plan  nor  a  basin- 
wide  facilities  plan.   The  value  of  the  basin  plan  lies 
in  its  utility  in  making  water  quality  management  decisions 
on  a  basin- wide  scale.   The  Area- wide  Waste  Treatment  Plan 
is  a  document  designed  for  water  quality  management  in 
those  urban  areas,  within  the  basin,  having  a  substantial 
water  quality  problem.   The  plan  is  directed  towards  meet- 
ing the  19S3  goal  of  the  Act.   It  identifies  anticipated 
municipal  and  industrial  treatment  works  construction  over 
a  2  0  - y  e  a  r  period.   It  also  identifies  urban  runoff  and 


other  non-point  sources  of  pollution  and  inethods  to  conirol 
these  sources  to  the  extent  feasible.   The  plan  also  sets 
out  construction  priorities  over  the  next  five-year  and 
20-year  periods  and  designates  agencies  necessa ry  to  con- 
struct, operate  and  maintain  the  control  facilities.   It 
is  also  a  mechanism  which  will  be  used  for  regulatory 
purposes  and  for  issuing  waste  discharge  permits.   The 
Facilities  Plan  is  a  document  similar  to  the  area-wide 
plan  except  that  it  is  much  narrower  in  scope  and  detailed 
consideration  of  non-point  sources  is  not  required. 

This  work  is  motivated  by  the  ongoing  research  at 
the  University  of  Florida  on  management  of  stormwater  and 
combined  sewer  overflows.   The  research  problem  is  to  devel- 
op   (1)  a  decision  making  model  for  formulation  and  evalu- 
ation of  a  set  of  strategies  for  controlling  dry-weather 
and  wet-weather  flows  in  order  to  identify  a  cost-effective 
solution  to  urban  wastewater  management  problems  in  the  con- 
text of  Section  208;  and  (21  procedures  for  apportioning  the 
costs  of  the  selected  strategy  amongst  various  project  pur- 
poses and  groups  in  a  fair  and  equitable  manner  in  order  to 
ennance  the  implementation  feasibility  of  that  strategy. 
In  this  work,  the  problem  of  urban  wastewater  management 
is  viewed  as  a  m  u 1 1  i  o  b  j  e  c  t  i  v  e  ,  multipurpose  as  well  as  a 
multigroup  problem  as  opposed  to  single  purpose,  single 
group  problems  considered  ir  the  past.   Wh'ile  the  single 
purpose,  single  group  problems  have  t raai t i onal 1 y  been 


solved  for  least-cost,  mul ti purpose/mul ti group  problems 
need  to  evaluate  equity  as  well  as  efficiency.   These 
objectives  are  demonstrated  by  means  of  examples  presented 
in  Sections  3.1  and  3.4.   Mathematical  formulations  of  the 
urban  wastewater  management  problems  incorporating  effi- 
ciency/equity are  presented  in  Section  3,5.   New  procedures 
for  attaining  efficiency  as  well  as  equity  are  presented 
in  Section  7.4  and  demonstrated  by  means  of  examples  in  Sec- 
tion 7.5.   Single  purpose,  single  group  analysis  for  deter- 
mining a  least -cost  solution  have  been  generalized  and  ex- 
tended so  that  alternative  strategies  can  also  be  formulated 
and  evaluated.   The  procedures  for  accomplishing  this  for 
domestic  wastewater  management  are  discussed  in  Section  4.1 
and  for  wet-weather  quantity  control  in  Section  5.1.   For  wet- 
weather  quality  control,  due  to  its  recent  importance  and 
lack  of  sufficient  data,  it  is  necessary  to  develop  perfor- 
mance and  cost  data  for  various  control  devices  in  addition 
to  the  procedui^es  for  formulation  and  evaluation  of  strate- 
gies.  The  performance  data  are  developed  in  Section  2.3  and 
the  cost  data  in  Section  2.4.   Procedures  for  formulation 
and  evaluation  of  wet-weather  quality  control  strategies  are 
developed  in  Section  5.4.   In  Section  6.1,  en'gineering  con- 
cepts that  may  be  utilized  to  increase  the  treatment  capabil- 
ities of  the  dry-weather  facilities  are  presented  in  order 
that  these  facilities  may  be  used  for  wet- weather  quality 
control.   Procedures  for  evaluation  of  various  multipurpose 
strategies  are  discussed  in  Sections  6.3  and  5.4. 
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Chapter  2  presents  an  overviev/  of  Section  2C8  of 
the  1972  Act  Arendtr-on  ts ,  characteristics  of  wastewater  and 
procedures  for  estimating  these  Darameters.   A  review  of 
various  control  devices  is  also  included  and  cost  functions 
for  these  devices  are  developed.   A  brief  description  of 
Basin  Plans  establishing  control  criteria  is  presented  and 
data  on  a  hypothetical  planning  area  are  outlined. 

Chapter  3  presents  an  overview  of  the  planning 
objectives  discussed  in  this  work.   Economic  analysis  is 
presentea  first.   Subsequently,  mult i objective  planning 
is  discussed  and  the  need  for  efficiency  and  equity  in 
wastewater  management  is  outlined,  and  mathematical  formu- 
lations are  developed. 

Chapter  4  presents  optimization  procedures  for 
determining  the  resource  costs  associated  with  various 
strategies  for  domestic  wastewater  management.   The  use 
of  these  procedures  is  illustrated  by  solving  the  domestic 
wastewater  management  problem  of  the  hypothetical  planning 
area  . 

Chapter  5  presents  procedures  for  formulation  and 
evaluation  of  strategies  for  wet-weather  control.   The 
wet-weather  quantity  control  problem  is  discussed  first. 
Techniques  fo*"  determining  resource  costs  associated  with 
various  we t- we  at he r  quantity  contro'  strategies  are  pre- 
sented.  Subsequently  the  wet-weather  quality  problem  is 
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discussed  and  optimization  and  evaluation  procedures  for 
wet- weather  quality  control  strategies  are  described. 
The  wet-weather  control  problem  of  the  hypothetical  plan- 
ning area  is  solved  to  illustrate  the  various  concepts. 

Chapter  5  discusses  procedures  for-  multipurpose 
Dlanning  for  water  quality  control.   The  concept  of  joint 
dry-wet  weatner  treatment  is  presented  and  optimization 
procedures  for  evaluating  the  resource  costs  for  various 
multipurpose  strategies  are  outlined. 

Integrated  efficiency  and  equity  analysis  is 
presented  in  Chapter  7.   Multi objective  solution  tech- 
niques as  well  as  existing  cost  sharing/cost  allocation 
techniques  are  discussed.   A  brief  review  of  cooperative 
N -person  game  theory  is  presented.   Subsequently,  appli- 
cation of  these  concepts  for  resolving  the  equity  ques- 
tions is  outlined  and  its  relationship  to  existing  cost 
sharing/cost  allocation  procedures  is  highlighted. 

Lastly,  Chapter  8  summarizes  the  various  concepts 
discussed  in  this  work. 


CHAPTER  2 
URBAN  WASTEWATER  MANAGEMENT— AN  OVERVIEW 

2 .  1      Introduction 

Section  208  of  the  Federal  Water  Pollution  Control 
Act  (FWPCA)  Amendments  of  1972  emphasizes  the  development 
of  sophisticated  area-wide  waste  management  systems  which 
wTll  result  in  the  successful  management  of  wate)^  quality 
at  the  substate  level  in  highly  complex  areas  of  urban- 
industrial  concentrations.   An  urban-industrial  concentra- 
tion is  that  portion  of  a  standard  metropolitan  statis- 
tical area  (SM5A),  or  those  portions  of  SMSAs,  having  sub- 
stantial concentrations  of  population  and  manufacturing 
production  or  other  factors  which  result  in  substantial 
water  quality  control  problems.   In  such  areas,  water 
pollution  sources  can  bs  categorized  as  point  and  non- 
point  sources.   A  point  source  discharges  its  effluent 
into  the  water  body  through  a  pipe  or  conduit,  e.g., 
municipal  wastewater  treatment  plant  or  industrial  waste 
effluents.   A  non-point  source  is  diffuse;  it  either  seeps 
into  the  ground  through  the  soil  or  is  carried  over  the 
surface  of  the  land  by  rainwater.   Runoff  from  urban  areas 
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construction  sites,  farms,  forest  lands,  and  strip  mines 
produces  no n -point  source  pollution.   The  stated  objectives 
of  area-wide  waste  treatment  management  are  to  provide 
(Federal  Register,  1973) 

(1)  cost-effective  point  source  treatment 
a  n  d  c  0  n  t  r  0 1  ; 

(2)  control  of  non-point  sources;  and 

(3)  coordinated  wastewater  management. 

Pollution  emanating  from  industrial  wastes,  con- 
struction sites,  farms,  forest  lands  and  strip  mines  is 
highly  site  specific.   Thus,  control  of  those  sources 
would  depend  upon  local  conditions.   Dry-weather  sewage 
flow  and  urban  stormwater  are  the  only  two  sources  for 
which  generalized  data  can  be  used  for  estimating  volumes 
and  pollutant  loadings.   Further,  a  generalized  approach 
can  be  used  to  formulate  and  evaluate  control  strategies 
for  these  sources.   Thus,  in  this  work  only  these  two 
wastewater  sources  will  be  considered. 

Designation  of  area-wide  planning  boundaries,  the 
key  first  step  in  implementing  Section  208,  is  based  on 
the  following  c  r  i  t  e  i  •  i  a  (Federal  Register,  1973): 

(1)  The  a'-ea  must  have  substantial  water 
quality  control  problems,  i.e., .when 
water  quality  has  been  degraded  to  the 
extent  triat  desired  uses  are  impaired 
or  precluded. 

(2)  The  area  has  in  ope  rat  ion  a  coordinated 
'waste  tr'ea  cfiie  n  r,  management  system  or 
the  local  governments  within  the  area 
show  their  intent  to  develop  and  imple- 
ment a  plan  wh'ch  will  result  in  coor- 
ainated  waste  treatment  management. 
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Following  the  designation  of  the  area,  it  is  neces- 
sary to  inventory  existing  wastewater  sources,  estimate 
present  and  future  wastewater  volumes  and  pollutant  lead- 
ings, develop  cost  data  on  various  wastewater  control 
devices  and  determine  the  extent  of  controls  that  would 
be  required  to  alleviate  or  prevent  water  quality  problems 
Based  on  this  information  various  control  strategies  can 
be  formulated  and  evaluated  to  determine  a  cost-effective 
solution. 

In  this  chapter  various  pollutants  that  are  of 
significance  will  be  described  and  cost- data  on  various 
control  devices  will  be  presented.   Criteria  for  deter- 
mining the  extent  of  controls  required  will  be  outlined. 
Data  on  a  hypothetical  planning  area  will  then  be  pre- 
sented in  order  that  the  concepts  outlined  in  later  chap- 
ters may  be  demonstrated  in  the  context  of  this  planning 
area . 


2.2 


Wastewater  Characteristics 


Several  parameters  are    used  to  define  the  charac- 
teristics of  domestic  wastes  and  storinwater.   The  four 
most  widely  used  parameters  are  wastewater  volume,  bio- 
chemical oxygen  demand  (BOD),  suspended  solids  (SS)  and 
col  i  form  or  g  a '^  isms.   Other  parameters  of  importance  in- 
clude dissolved  oxygen  (DO),  temperature,  pH,  nitrogen  (N) 
and  p  h  0  s  r  h  0  V  0  u  3  (  P  )  . 


The  volume  of  wastewater  is  important  for  three 
'^easons.   First,  it  datermines  the  size  of  the  conveyance 
and  treatment  facilities.   Secondly,  it  is  needed  to  de- 
termine the  mass  loadings  o^  pollutants.   Finally,  controls 
on  quantity  may  be  required  with  or  without  controls  on 
quality.   The  latter  is  especially  true  for  wastewater  from 
urban  stormwater  runoff  where  control  of  flooding  may  be 
one  of  the  objectives  of  planning. 

The  BOD  of  wastewater  is  a  measure  of  its  strength 
in  terms  of  quantities  of  oxygen  required  to  biochemically 
oxidize  the  organic  matter  contained  in  wastewater.   When 
a  wastewater  is  released,  the  dissolved  oxygen  content  of 
the  receiving  water  is  utilized  to  satisfy  the  biochemical 
oxygen  demand  of  wastewater  thereby  depressing  or  even 
depleting  the  DO  of  the  receiving  water.   The  DO  of  the 
receiving  water  is  a  major  parameter  which  determines  its 
beneficial  use.   Wastewater  BOD  is  usually  expressed  in 
terms  of  the  amount  of  oxygen  utilized  during  a  five-day 
period  (800^).   The  higher  the  BODr,  the  more  damaging 
the  waste  is  to  the  receiving  water.   To  date,  BODr  is 
perhaps  the  most  important  parameter  used  for  evaluating 
wastewater  control  strategies. 

Suspended  solids  refer  to  the  solids  which  can  be 
mechanically  filtered  from  wastewater.   The  suspended 
solids  rende>^  the  wastewater  unsightly  and  unless  removed, 
tend  to  settle  in  the  receiving  water. 


Coliform  organisms  are  organisms  of  intestinal 
origin  and  are  preset! t  in  large  amounts  in  municipal 
sewage.   Their  presence  in  a  water  supply  source  is  an 
indication  of  pollution  from  human  sources.   Coliform 
levels  are  commonly  reported  as  the  most  probable  number 
of  organisms  per  100  milliliters  of  sample  (MPN).   Sewage 
requires  disinfection  before  being  discharged  into  the 
receiving  water. 

Nitrogen  and  phosphorous  content  of  the  wastewater 
is  important  when  the  receiving  water  body  is  a  lake  where 
continuous  discharge  of  nitrogen  and  phosphorous  results 
in  its  fertilization.   This  is  characterized  by  explosive 
"blooms"  of  algae  of  such  intensity  that  clear,  sparkling 
lakes  are  transformed  to  turbid  colored  bodies  of  water. 
Decomposition  of  the  algae  then  produces  obnoxious  odors 
and  floating  decomposing  mats  of  organic  matter. 

The  volume  of  domestic  wastes  and  the  quantity  of 
pollutants  originating  within  an  a^-ea  is  a  function  of 
land  use,  population  density,  market  value  of  the  dwelling 
units,  use  of  garbage  grinders  and  characteristics  of 
water  supply.   Typical  values  of  various  parameters  of 
dry -weather  sewage  flow  are  listed  in  Table  2-1.   Assuming 
an  annual  average  domestic  wastewater  flow  of  100  gallons/ 
person-day  and  an  annual  average  domestic  wastewater  BOD^ 
of  0.17  pounds/pe '-son-day ,  the  following  equations  result: 
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Table  2-1 
Typical  Values  of  Parameters  for  Domestic  Sewage 


Parameter 


Typical  Values 


Volume 


Col  ifcrr.is 


100  gallons  per  capita  per  day 
200  mg/1 

200  mg/1 

10  mg/1 

40  mg/1 
5x10^  MPN/100  ml 


'Lager  and  Smith,  1974 


DWF  =  1 .34  (PD 


DWB  =  62. 1  (PD 


(2.1) 
(2.2) 


where    DWF  =  annual  quantity  of  dry-weather  flow, 
i  n  /  y  e  a  r  ; 

DWB  =  annual  quantity  of  dry-weather  BODg, 
Ibs/ac-yr;  and 

PD  =  population  density,  persons/ac^e. 


The  volume  and  pollutant  loadings  resulting  from 
wet-weather  flows  are  a  function  of  the  total  area,  type 
of  land  use,  population  density,  area  under  each  land  use, 


13 


type  of  conveyance  system  such  as  separate,  combined  or 
surface,  antecedent  storm  conditions  and  amount  and  dura- 
tion of  rainfall.   For  wet- weather  flows,  one  is  concerned 
not  only  with  the  peak  flow  and  the  pollutant  loadings 
but  also  with  their  temporal  variations.   With  present- 
day  technology,  characteristics  of  wet-weather  flows  can 
only  be  estimated  roughly.   The  procedure  involves  the 
use  of  simulation  models  which  describe  the  rainfall- 
runoff  -qual  i  ty  process.   Brandstetter  (1975)  and  Brown 
ejt  aj_.  (1974)  assess  available  models.   Two  of  these 
models,  the  U.S.  Environmental  Protection  Agency  (EPA) 
Storm  Water  Management  Model  (SWMM)  and  the  Corps  of 
Engineers  model,  STORM,  will  be  -mentioned  briefly  because 
of  their  general  acceptance  within  the  engineering  com- 
munity. 

The  SWMM,  developed  in  1969-1970  (Environmental 
Protection  Agency,  1971),  was  formulated  as  a  design 
model  in  that  it  simulates  a  single  storm  event.   This  is 
characterized  by  short  time  steps  and  total  simulation 
times  (i.e.,  minutes  and  hours,  respectively)  and  rela- 
tively high  degree  of  detail  in  catchment  schematization. 
The  RUNOFF  block  of  the  SWMM  predicts  surface  runoff  quan- 
tity and  quality  from  a  given  storm  event.   The  TRANSPORT 
block  routes  the  flow  and  pollutants  through  the  convey- 
ance network.   The  output  from  the  "TRANSPORT  block 
provides  data  en  the  quantity  and  quality  of  wet-weather 
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flows  generated  from  tne  planning  area  during  each  time 
step.   The  SWilM  also  has  the  tapability  of  simulating 
areas  with  combined  sewc"  systems.   In  addition,  various 
wet- weather  control  devices  can  also  be  simulated  using 
the  STORAGE/TREATMEriT  block. 

Within  the  RUriOFF  block  of  the  SWMM,  quantity  and 
quality  routing  occurs  in  two  distinct  segments,  initially 
as  overland  flow  and  then,  if  designated,  as  gutter/pipe 
routing.   The  input  data  required  to  generate  the  hydro- 
graph  and  pollutograph  include  the  area,  fraction  imper- 
viousness,  ground  slope,  roughness  factors,  surface  de- 
pression storage,  overland  flow  width,  hyetograph  of 
precipitation  and  the  infiltration  coefficients  of  Morton's 
exponential  function.   Pollutant  loads  are  introduced 
into  the  stormwater  outflow  of  the  RUNOFF  block  through 
two  mechanisms,  the  surface  pollutant  load  and  catchbasin 
BOD.  load.   Eight  pollutants  are  modeled  by  the  RUNOFF 
block:   BODr,  SS,  total  col i form,  COD,  nitrogen,  phos- 
phorous, settleable  solids  and  grease.   For  simulating 
sewer  systems  and  treatment  devices,  additional  appropri- 
atedataare  included. 

In  contrast  to  SWMM,  STORM  (Hydrologic  Engineer- 
ing Center,  1975)  is  a  planning  model  capable  of  continuous 
simulation  in  hourly  time  steps  for  simulation  periods  of 
many  year-s.   Hourly  runoff  volumes  are  computed  as  the 
difference  b  e  t  vj  e  e  n  rainfall  and  surface  storage,  multiplied 
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by  the  runoff  coefficients.   There  is  no  pipe  or  gutter 
routing  in  the  STORM  program.   Modeling  of  runoff  quality 
is  based  on  a  percentage  washoff  of  available  pollutants 
as  a  function  of  runoff  rate.   The  treatment  system  is 
simulated  as  a  black  box  with  its  performance  specified 
by  the  user. 

The  quality  prediction  techniques  found  in  most 
simulation  models  (e.g.,  SWMM,  STORM)  rely  upon  genera- 
tion of  an  initial  surface  load  of  pollutants.   This  load 
is  usually  expressed  in  units  of  lbs,  lbs/acre,  Ibs/curb- 
mile,  1 bs/day-acre  ,  or  1 bs/day-curb-mi 1 e .   Normalized 
loads  are,    of  course,  multiplied  by  a  unit  of  area,  dry 
days,  etc.,  to  produce  an  initial  mass  of  pollutants  at 
the  start  of  the  storm.   Pollutants  are  then  "washed  off" 
during  the  storm  in  an  exponential  fashion,  in  which  the 
amount  removed  per  time  step  is  proportional  to  the  amount 
present,  the  runoff  rate  and  other  factors.   Based  on 
thorough  review  of  stormwater  sampling  studies  done  during 
the  past  20  years,  Heaney  e_t  aj_.  (1976)  have  updated  the 
pollutant  loading  estimates.   The  results  simplify  the 
original  loading  factors  by  eliminating  the  use  of  dust 
and  dirt  and  curb  miles.   They  propose  the  equations 
listed  in  Table  2-2  for  predicting  annual  average  loading 
factors  as  a  function  of  land  use,  precipitation  and  popu- 
lation density.   Based  on  their  findings  that  the  fraction 
of  the  developed  land  under  residential,  commercial. 


Table  2-2 

W  e  t  -  Vi  e  a  t  h  e  r  Pollutant  Loading  Factors 
(Heaney  et  a].,  1976) 


Separate  Areas: 

Combi  ned  Areas : 
where 


T  ,J 


M^  =  3(i ,j) 


(PD: 


lb 


a  c  r  e  -  y  r 
lb 


fi (PD) 
1  ^     acre-vr 


Land  uses 


Pol  1 utants  :  j 
J 


M  =  lb  of  Dollutant  j  generated  per  acre 

of  land  use  i  per  year; 

P  =  annual  precipitation,  inches; 

PD  =  population  density,  persons  per  acre;  and 

a, 6  =  factors  given  in  table  below 

=  1  Res  i  denti  al 

-  2  Commercial 
=  3  Industrial 

=  4  Other  (assume  PD  =  0) 

=  1  BOD5,  Total 

=  2  Suspended  Solids  (SS) 

=  3  Volatile  Solids,  Total  (VS) 

-  4  Total  FO4  (as  PO4) 
=  5  Total  N 


Population  Function:   i 


0. 142  +  0. 533 


I     fT(PD) 
i  =  2,3   f  (PD)  =  1 .0 
i  -  4     f-|  (PD)  -  0.142 

Factors  a  and  8  for  Equations :   Separate  factors,  a,  and 
combined  factors,  3,  have  units  1 b/acre -yr- i n .   To 
convert  to  kg/ha-yr-crn,  multiply  by  0.442. 

Pollutant,  j 


.0.145 


Land  Use,   i 

1.    BOD,- 

3 

2.    SS 

3.    VS 

4._P0^ 

5.    M 

Separate 
Areas,  a 

1.    Residential 

0.799 

16.3 

9.48 

0.0335 

0.540 

2.  Commercial 

3.  Industrial 

3.20 
1.22 

22.2 
29.1 

14.0 
14.4 

0.0757 

0.0705 

0.296 
0.276 

4.    Other 

0.113 

2.70 

2.60 

0.00994 

0.0605 

Separate 
Areas ,   3 

' .    Residential 

2.  Commercial 

3.  Industrial 

3.20 
13.2 
5.00 

57.2 

91.8 

120.0 

38.9 
57.9 
59.4 

0.139 
0.312 
0.291 

0.540 

1.22 

0.140 

4.   Other 

0.457 

11  .1 

10.8 

0.0411 

0.250 
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industrial  arid  open  space  uses  is  fairly  constant  (0.534, 
0085,  0.148,  and  0.182,  respectively),  an  average  pollu- 
tant loading  factor  ov#'r  all  lands  uses  can  be  derived 
by  using  these  fractions  as  weighting  factors.   The  result' 
ing  equation  for  predicting  BOD  over  all  land  uses  is  as 
follows: 


M  -  K^(0.467  P  (0.142  +  0. 533PD°- ''^^)  +  0.459P; 


(2.3) 


where   M  =  average  annual  BOD  loading  over  four  land  uses, 
Ibs-BOD/ac-yr; 

P  =  annual  precipitation,  in; 

PD  =  population  density;  and 

=  1  -^  storm  or  unsewered  area,  or 

=  4.12  ->  combined  sewer  area. 


2.3 


Wastewater  Control  Devices 


The  primary  concept  upon  which  the  control  of 
domestic  wastes  has  been  predicated  is  the  matter  of  30Dr 
reduction.   Therefore,  dry -weather  flow  control  devices 
have  been  built  around  satisfying  the  oxygen  demand  of 
degradable  organic  matter  before  releasing  it  to  the 
receiving  water.   In  general,  the  e'^'ficiency  of  BODj.  re- 
moval  o-*"  a  dry-weather  control  device  is  a  function  of 
the  detention  time.   The  performance  of  dry-weather  control 


devices  can  be  characterized  by  the  following  simplified 
e  q  LI  a  t  i  0  n  : 


^t/S 


1  -  e"^^ 


(2.4) 


where    c.  =  outlet  concentration  of  6005,  mg/1; 

c   =  inlet  concentration  of  BODr-,  mg/1; 
0  D    ^ 

k  =  BODr  removal  rate  constant,  time'  ;  and 

t  =  detention  time  in  control  device,  time. 


A  dry -weather  control  device  is  usually  comprised 
of  a  combination  of  treatment  processes  or  levels  placed 
in  series.   A  combination  of  storage  and  treatment  is 
considered  cost-effective  only  when  the  dry -weather  flow 
contains  highly  variable  quantities  of  industrial  wastes. 
In  actuality,  dry-weather  flow,  in  itself,  undergoes  daily 
fluctuations.   The  treatment  processes  are  designed  on 
the  basis  of  average  daily  flow  with  provision  to  accommo- 
date daily  mass.   Thus,  the  treatment  process  is  under- 
utilized a  part  of  the  time  and  is  overloaded  at  other 
times.   The  performance  of  the  facility  fluctuates  in 
accordance  with  the  above.   Recently  it  has  been  argued 
that  a  combination  of  storage  and  treatment  may  be  more 
cost-effective  (American  Society  of  Civil  Engineers,  1975) 

The  four  different  levels  of  treatment  most  com- 
a^only  utilized  for  dry-rteather  treatment  are  called 
preliminary,  primary,  secondary  and  tertiary.   Initially, 
Wastewater  receives  oreiiminary  treatment  consisting  of 
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bar  racks  and  grit  tanks.   This  is  followed  by  primary 
treatment  consisting  of  a  gravity  sedimentation  tank. 
Primary  treatment  provides  30-35  oercent  BOD^  removal 
and  55-50  percent  SS  removal. 

When  BODj-  and  SS  removals  in  excess  of  those  attain- 
able from  primary  treatment  are  required,  then  it  is  cus- 
tomary to  subject  the  wastewater  to  secondary  or  biological 
level  of  treatment.   As  a  general  rule  secondary  treatment 
includes  primary  and  secondary  levels.   However,  in  some 
cases,  primary  treatment  may  be  omitted.   Several  treatment 
processes  are  available  for  accomplishing  the  secondary 
level.   All  of  these  processes  rely  on  the  ability  of  the 
microorganisms  to  utilize  as  their  food  waste  matter  present 
in  sewage.   The  overall  BODr  and  SS  removals  from  secondary 
treatment  are  approximately  85-90  percent  and  90-95  percent, 
respecti  vel y . 

Tertiary  treatment  is  necessary  when  reduction 
in  BOD-  and  SS  in  excess  of  that  accomplished  by  secon- 

0 

da ry  treatment  is  required  or  when  a  substantial  reduction 
in  the  nitrogen  and /or  phosphorous  content  of  the  waste- 
water is  desired.   Tertiary  treatment  can  be  accomplished 
either  by  biological-physical,  biological-chemical  or 
phys i cal -chemi cal  processes.   In  the  bi ol ogi cal -phys i cal 
and  biological-checmical  processes,  a  third  level  of  treat- 
ment (either  physical  or  chemical)  follows  secondary  treat- 
ment.  In  the  case  of  phys i cal -chemi cal  treatment,  the 
biological  or  secondary  level  is  omitted. 
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Assuming  that  conventional  sedimentation,  conven- 
tional activated  sludge  and  b i ol ogi cal -phys i ca 1  processes 
are  representative  of  primary,  secondary,  and  tertiary 
levels,  performance  data  for  each  of  these  levels  are  pre- 
sented Tn  Table  2-3.   Sewage  treatment  processes  are  nor- 
mally designee  on  the  basis  of  annual  average  flow  and 
BODr  expected  at  the  end  of  a  design  period  (15  to  20 
years).   Therefore,  provisions  are  made  to  hydraulically 
pass  peak  flows  ranging  from  two  to  three  times  the  average 
flow.   A  generalized  relationship  between  the  flow  and 
the  efficiency,  for  a  given  design  flow,  is  shown  in  Figure 
2-1.   During  the  initial  years  of  plant  operation,  the 
flow  and  the  BOO-  are  less  than  the  design  figure  and  the 
plant  will  usually  operate  at  higher  efficiency  than  the 
design.   Additional  capacity  is  frequently  added  before 
the  actual  flow  approaches  the  design  flow.   Thus,  these 
plants  are    seldom  operated  at  flow  in  excess  of  the  design. 

A  wide  variety  of  control  alternatives  is  available 
for  wet-weather  quality  control  and  for  improving  the 
quality  of  wet-weather  flows  (Field  and  Struzeski,  1972; 
Lager  and  Smith,  1974;  Becker  ejtal.,  1973).   Rooftop  and 
parking  lot  storage,  surface  and  underground  tanks  and 
storage  in  treatment  units  are  the  flow  attenuation  control 
alternatives.   Wet-weather  quality  control  alternatives 
can  be  supdivided  into  two  categories:   primary  devices 
and  secondary  devices.   Primary  devices  take  advantage 
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Table    2-3 
Domestic    Wastewater    Treatment    Performance    Data 


Overall    Performance  Incremental   Performance 


Control         SOD  Removal  Detention  Time  BOD  Removal  Detention  Time 

Alternative     Efficiency  Hours  Efficiency  Hours 

%  % 

Primary  level     35  2  35  2 

Secondary  level*^  86  8  78  6 

Tertiary  level '^   95         10  71  2 


^Overall  performance  for  secondary  level  includes  primary 
level.   Overall  performance  for  tertiary  level  includes 
primary  and  secondary  level. 

Including  secondary  clarifier. 


of  physical  processes  such  as  screening  (microstrainer), 
settling  and  flotation  (sedimentation,  svn'rl  concentrator 
and  dissolved  air  flotation).   Secondar>'  devices  take  ad- 
vantage of  biological  processes  (contact  stabilization) 
and  physi cd 1 -chemi cal  processes  ( phys i ca 1 -chemi cal  treat- 
ment).  These  control  devices  are  suitable  for  treating 
stormwater  runoff  as  well  as  combined  sewer  overflows. 
However,  the  contact  stabilization  process  is  feasible 
only  if  the  domestic  wastewater  facility  is  of  an  acti- 
vated sludge  type.   The  q u a  'i  t  i  t  i  e s  of  w e  t - w e a  t h e r  flows 
that  can  be  treated  by  this  process  ^r^    limited  by  the 
amount  of  excess  activated  sludge  available  from  the 


2S 


dry-weather  plant.   At  the  present  time,  there  are  several 
installations  throughout  the  country  designed  to  evaluate 
the  effectiveness  of  various  primary  and  secondary  devices 
A  summary  of  the  design  criteria  and  performance  of  these 
devices  is  presented  in  Table  2-4.   Based  on  these  data, 
the  representative  performance  of  primary  devices  is  as- 
sumed to  be  40  percent  BODc  removal  efficiency  and  that 
of  secondary  devices  to  be  35  percent  BODj.  removal  effi- 
ci  ency . 


2.4 


Wastewater  Treatment  Costs 


Costs  for  dry-weather  flow  treatment  devices  have 
been  reported  by  many  investigators.   The  major  references 
are  Smith  (1971)  and  Battel  1 e-Northwest  (1974).   Cost 
functions  for  various  levels  of  domestic  waste  treatment 
are  presented  in  Table  2-5.   Also  included  in  this  table 
is  the  cost  function  for  wastewater  transmission.   All 
of  these  functions  are  of  the  form  C  =  ID'',  with  m  less 
than  one,  reflecting  the  economies  of  scale  in  wastewater 
treatment  and  transmission.   Since  the  control  of  wet- 
weather  flow  has  gained  attention  only  recently,  well- 
defined  cost  data  for  wet-weather  control  devices  are  not 
available.   The  costs  of  various  storage  and  treatment  units 
built  around  the  country  for  handling  wet-weather  flows 
were  examined  in  order  to  develop  generalized  cost  func- 
tions. 
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Table    2-4 
Wet-Weather    Treatment    Plant    Performance    Data 


Reported 
BOD5  Removal 
Device  Control   Alternatives       Desirn  Criteria         Efficiency,  n 

Primary       Swirl    Concentrator   '  60.0  gpm/sq   ft  0.25   -  0.50 

Microstrainer^  20.0  gpm/sq  ft  0.40  -  0.60 

Dissolved  Air  Flotatinq       2.5  gpm/sq  ft  0.50  -  0.60 

w/  Chemical   Addition^ 

Sedimentation^  0.5  gpm./sq  ft  0.25  -  0.40 


Representative  Performance  0.40 

Secondary    Contact  Stabilization         Cont.    0.25  hrs  0.75  -  0.88 

Stab.    3.0  hrs 
Physical-Chemical^  3.0  0.85  -  0.95 

Representative  Performance  0.85 

^Field  and  Moffa,  (1975  ) 
'^APWA,  (1974) 
^Maher,  (197^) 

Lager  and  Smith,  (1974  ) 
■"Performance  data  based  on  domestic  wastewater  treatment 
^Agnew  e^  al. ,  (1975) 
^Estimate  based  on  performance  of  these  units   for  domestic  wastewater 
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Cost  data  for  installed  wet-weather  treatment  da- 
vices  are  listed  in  Table  2  -  6  .   Since  w  e  t  -  w  e  a  t  li  e  r  c  o  p  t  r  o  1 
facilities  operate  intermittently,  annual  operation  and 
maintenance  costs  are  greatly  affected  by  the  number  of 
hours  the  facility  is  utilized.   As  a  general  rule,  a 
facility  will  operate  a  greater  amount  of  the  time  if  it 
incorporates  storage.   An  examination  of  Table  2-6  reveals 
that  annual  operation  and  maintenance  costs  are  16.7  per- 
cent of  the  total  annual  costs  for  the  contact  stabiliza- 
tion unit.   In  the  case  of  the  swirl  concentrator,  the 
percentage  is  27.3.   Annual  operation  and  maintenance 
costs  for  other  units  fall  in  between  these  two  values. 
Based  on  this  analysis,  it  was  decided  to  assume  annual 
operation  and  maintenance  costs  as  20  percent  of  the  total 
annual  costs  for  all  treatment  devices.   Cost  functions 
developed  for  various  wet-weather  quality  control  devices 
are  presented  in  Table  2-7.   These  costs  include  provisions 
for  sludge  handling,  engineering,  contingencies  and  land 
cos  ts . 

All  treatment  units  exhibit  economies  of  scale, 
i.e.,  z  £  1.   Thus,  there  is  an  incentive  to  build  larger 
units.   The  optimal  size  treatment  unit  can  be  found  by  com- 
paring the  savings  in  treatment  cost  of  going  to  a  larger 
unit  with  the  incr- eased  piping  costs.   Unfortunately,  suffi- 
cient data  on  the  number  and  flow  rate  of  stormwater  discharges 
in  urban  areas  could  not  be  found.   Thus,  it  is  not  possible 
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to  deterrr.ine  the  optima!  mix  of  treatment  plants  and  pipe- 
lines.  Therefore,  "representative"  treatment  costs  were 
developed  as  shown  in  Table  2-7. 

Cost  data  on  detention  basins  built  in  the  Chicago 
area  for  temporary  storage  of  runoff  are  listed  in  Table 
2-8.   Costs  of  storage  tanks  built  for  the  purpose  of 
wet-weather  quantity  and  quality  control  as  well  as  for 
dry-weather  quantity  control  are  also  included  in  this 
table.   Due  to  the  wide  variations  in  these  figures,  an 
attempt  was  made  to  verify  these  costs  using  excavation 
costs  as  the  basis.   Storage  costs  based  on  unit  excava- 
tion costs  are  listed  in  Table  2-3.   The  unit  cost  of 
equalization  storage  basins  for  sewage  treatment  plants 
and  the  estimated  cost  of  rooftops  and  parking  lot  storage 
are  also  shown  in  Table  2-3.   Lastly,  analysis  of  recent 
estimates  of  storage  costs  developed  by  Culp   e_t  a_l_.  (1976] 
indicate  the  following  unamortized  capital  cost  C  ($  x  10) 
as  a  function  o^  storage  volume,  S  (mg). 


Earthen 

Concrete  w/o.  Cover 

Concrete  w.  Cover 


Eauation 


C  =  0.025  S 


C  -  0.350  S 


C  -  0.400  S 


0.73 


0.58 


0.79 


Unit  Cost  3  S 
S/gal 


10  mg 


$0,013 
$0,133 
$0,250 


The  data  indicate  wide  variation  in  the  costs  of  storage. 
Thus,  the  relatively  simple  relationshio  shown  in  Table  2-7 
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Table 


Capital    Cost    of    Storage    Facilities' 


Storage  Reservoirs- 


Capacity 
mil    qal 


Hillside   Park 

Heritage  Park 

Oak  Lawn 

Middle  Fork  Morth   Branch 

Wilke-Kirchoff 

Melvina  Dutch 

Oak  Hill    Park 

Dolphin  Park 

Average 

Storage  Tanks^ 

Cottage  Farm,  Boston^ 

c 
Spring  Creek,  New  York 

Chippewa  Falls,  Wisconsin^ 

Humboldt  Avenue,  Milwaukee'' 

Seattle,  Washington 

Whittier  Narrow,  Columbus^ 

Average 

f 
Based  on  Excavation  Costs 

$2/cu  yd 
S5/CU  yd 

Equalization  Basins  for  Dry 
Weather  Sewaqe  Treatment 
PlantsO 


Other  ' 

Parking  Lots 
Rooftops 


52.1 


9.0 


Capital  Cost 
$/5al 


11.4 

0.01 

36.5 

0.01 

7.8 

0.02 

195.5 

0.02 

32.6 

0.03 

53.8 

0.03 

25.1 

0.02 

53.8 

0.01 

0.019 


1.72 


Earthen  Basin 
Earthen  Basin 
Earthen  Basin 
Earthen  Basin 
Earthen  Basin 
Earthen  Basin 
Earthen  Basin 
Earthen  Basin 


1.3 

5.21^ 

Covered  Cone. 

Tanks 

10.0 

2.33 

Covered  Cone. 

Tanks 

2.8 

0.29 

Asphalt  Paved 

Basin 

4.0 

0.55 

Covered  Cone. 

Tanks 

32.0 

0.25 

In-1 ine 

4.0 

■  1.70 

Open  Concrete 

Tanks 

0.01 

Earthen  Basin 

0.025 

Earthen  Basin  in 

Rock 

1.0 

0.22 

Earthen  Basin 

3.0 

0.10 

Earthen  Basin 

10.0 

0.06 

Earthen  Basin 

1.0 

0.39 

Concrete  Basin 

3.0 

0.2S 

Concrete  Basin 

10.0 

0.25 

0.10 
0.05 

Concrete  Basin 

"Bas; 

D~ 
bcurce : 

^Alsc  used  fo 


on  EiiR  =  2200. 

letropolitan  Sanitary  District  of  Greater  Chicago. 
stori:?.;ater  treatment. 
'^Includes  pumping  station,  chlcrination  and  outfall  facilities, 
;;Source:  Lager  and  Smith,  (1974)  . 

Soil  Conservation  Service,  Gainesville,  Florida 
^Flow  Equalization  -  Plus  for  Wastewater  Treatment  Plants, 
of  C^vil  Engineers,  (b'/;975) 
^Source;  Wfswafi  a"nd  Robbins,  (1  975  ) . 


tricar 


^£l.et^ 
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was  used.   Arirual  storage  costs  are  estimated  as  a  function 
of  population  density.   The  curve  was  derived  using  an 
unamortized  capital  cost  of  SO. 10  per  gallon  for  PD  =  5 
persons  per  acre  and  $0.50  per  gallon  for  PD  =  15  persons 
per  acre. 

Since  most  of  the  operation  and  maintenance  costs 
attributable  to  storage  are  for  solids  handling  and  because 
these  solids  are  usually  handled  at  the  treatment  facility, 
operation  and  maintenance  costs  of  storage  facilities  have 
been  assumed  at  zero. 


2.5 


Control  Criteria 


Basin  plans  proposed  under  Section  303(e)  constitute 
the  overall  framework  within  which  208  plans  are  developed 
for  specific  portions  of  a  basin  with  complex  pollution  con- 
trol problems.   Basin  plans  define  (1)  water  quality  stand- 
ards and  goals;  (2)  critical  water  quality  conditions;  and 
(3)wasteloadconstraints. 

In  the  basin  plan,  the  basin  is  divided  into  water 
quality  and  effluent  limited  segments.   Water  quality 
limited  segments  occur  when  application  of  best  practicable 
treatment  for  industrial  waste  discharges  and  secondary 
treatment  of  domestic  discharges  would  be  insufficient 
to  achieve  water  quality  standards.   In  this  case,  some 
significant  point  souices  must  be  subjected  to  furthe)" 
control  or  some  non-point  sources  must  be  controlled  or 
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some  combination  of  point  and  non-poirt  source  treatment 
must  be  implemented.   "The  effluent  limited  segments  are 
those  in  which  water  quality  is  and  will  continue  to  be 
at  least  equal  to  the  applicaDle  water  quality  standards, 
or  if  water  quality  does  not  meet  standards,  it  will  do 
so  after  the  application  of  best  practicable  control 
technology  by  industrial  sources  and  secondary  treatment 
by  domestic  sources.   Most  of  the  urban  areas  requiring 
208  planning  are  expected  to  contain  water  quality  limited 
segments  . 

The  basin  plans  would,  in  general,  specify  either 
the  waste  load  allocation,  i.e.,  amount  of  pollutants 
(#  of  BODr  per  year,  etc.)  that  can  be  released  from  point 
sources  within  the  area  or  the  minimum  degree  of  treatment 
that  must  be  provided  to  these  point  sources.   For  non- 
point  sources,  such  waste  load  allocation  is  not  expected 
to  be  available  in  basin  plans  and  must  be  developed  during 
the  208  planning  process.   This  requires  water  quality 
modeling  studies  to  determine  the  extent  to  which  non- 
point  sources  must  be  controlled  to  meet  the  water  quality 
standards.   Based  on  these  studies  control  criteria  such 
as  the  pounds  of  BODr  that  can  be  released  on  an  annual 
basis  can  be  established. 

In  addition,  storm water  quantity  control  criteria 
may  be  established  as  a  part  of  the  planning  process  or 
existing  criteria  within  the  region  may  be  assumed  to  be 


followed  for  future  planning.   These  criteria  would  be 
in  terms  of  an  allowable  rate  of  release  of  wet-weather 
flow. 


2 . 5     Hypothetical  Planning  Area 

The  layout  of  a  hypothetical  planning  area  is  pre- 
sented in  Figure  2-2.   The  planning  area  is  assumed  to  be 
located  in  the  southeastern  part  of  ^■he  U.  S.   Data  on 
the  planning  area  are  listed  in  Table  2-9.   Seven  cities 
are  located  within  the  planning  area.   Existing  institu- 
tional arrangements  are  such  that  cities  1,  2,  and  3 
belong  to  one  polity;  cities  4  and  5  to  the  second  one, 
and  cities  6  and  7  to  the  third.   City  3  has  separate 
sanitary  and  storm  sewer  systems  while  city  6  has  a  com- 
bined sewer  system.   Both  of  these  cities  have  exisfing 
sewage  treatment  facilities  which  neither  have  any  excess 
capacity  nor  can  be  expanded.   None  of  the  other  cities 
has  a  sewer  collection  or  treatment  system.   The  control 
criteria  assumed  to  be  met  by  each  of  the  cities  within 
the  planning  area  are  also  listed  in  Table  2-9. 

Methodology  for  conducting  area-wide  planning  pre- 
sented in  the  later  chapters  will  be  illustrated  by  using 
this  hypothetical  planning  area.   Planning  objectives  in- 
volved in  area -wide  planning  are  discussed  in  the  next 
chapter . 
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Table  2-9 
Characteristics  of  Hypothetical  Planning  Area 


City 

1 

2 

3 

^^ 

5_ 

6 

7 

1  . 

Total  Area,  Acres 

1000 

560 

4000 

2000 

400 

15000 

2000 

2. 

Residential  Area  and 
Open  Space,  Acres 

1975 

400 

200 

1500 

800 

100 

8000 

800 

1990 

550 

330 

2000 

1200 

200 

10000 

1200 

3. 

Industrial  and  Com- 
mercial Area,  Acres 

1975 

100 

30 

300 

200 

15 

2000 

200 

1990 

150 

60 

400 

300 

25 

3000 

300 

4. 

Undeveloped  Area,  Acres 

1975 

500 

430 

2200 

1000 

285 

5000 

1000 

1990 

300 

270 

1600 

500 

175 

2000 

500 

5. 

Population 

1975 

2000 

1000 

15000 

5000 

500 

100000 

1000 

1990 

3000 

2000 

21000 

7000 

1000 

125000 

7000 

6. 

Exist.  Sewerage  System 

- 

- 

separate 

- 

- 

com,bined 

- 

7. 

Exist.  Treat.  Plant 

Year  Built 

- 

- 

1960 

- 

- 

1960 

- 

Desiqn  Flow,  MOD 

- 

- 

1.5 

- 

- 

10.0 

- 

1975  Flow,  MGD 

- 

- 

1.5 

- 

- 

10.0 

- 

Design  BOD5,  r'/day 

- 

- 

3000 

- 

- 

20000 

- 

1975  BOD5,  T/day 

- 

- 

3000 

- 

- 

20000 

- 

%  BOD5  Removal 

30 

90 

Type  of  Facility 

(1) 

(2) 

8. 

Projected  Waste  Loads 

1990  Volume  MGD 

0.3 

0.2 

2.1 

0.7 

0.1 

12.5 

0.7 

1990  BOD5  rf/day 

600 

400 

4200 

1400 

200 

25000 

UOO 

g_ 

Waste  Treatment 
Requirements 

Volume,  MGD 

0.3 

0.2 

2.1 

0.7 

0.1 

12.5 

0.7 

BOD5  Removal ,  -/day 

540 

560 

3780 

1250 

180 

22500 

1260 

10. 

Control  Criteria 

Dry-Weather  Flow 

(2) 

(2) 

(2) 

(2) 

(2) 

^2) 

(2) 

Wet-Weather 

(5) 

(5) 

(5) 

- 

- 

(5) 

- 

%   BOD  Removal 

3orc 

(1)  =   P>^1mary  Treatment 

(2)  -   Secondary  Treatment 

(5)  =  Storm/zater  quantity  not  to  exceed  the  volume  for  undeveloped  area 
under  10-year  24-!iour  rainfall. 


CHAPTER  3 
FRAMEWORK  FOR  URBAN  WASTEWATER  MANAGEMENT  PLANNING 


3.1 


General  Statement  of  the  Probletn 


Urban  wastewaier  planning,  under  Public  Law  92-500, 
seeks  a  cost-effective  solution  for  point  and  non-point 
sources  of  water  pollution,  on  an  area-wide  basis  that  is 
politically  acceptable  and  would  achieve  the  1983  goal  of 
"swimmable  and  fishable"  waters.   As  stated  previously, 
two  main  sources  of  water  pollution  in  urban  areas  are 
dry-weather  sewage  and  stormwater  runoff.   Dry-weather 
sewage  flow  is  of  concern  primarily  from  a  quality  stand- 
point.  For  stormwater  runoff,  however,  both  quantity  and 
quality  are    relevant.   Thus,  the  three  facets  of  urban 
water  management  that  must  be  examined  in  order  to  acnieve 
the  goal  of  "swimmable  and  fishable"  waters  are  control  of 

(1)  dry-weather  sewage  flow  quality, 

(2)  stormwater  quantity,  and 

(3)  stormwater  quality. 

Since  the  federal  government  provides  construction  grants 
for  requii^ed  facilities,  it  has  set  up  guidelines  for  con- 
ducting area- Wide  planning  (Environmental  Protection  Agency 
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1975).   These  guidelines  require  an  integrated  approach  for 
evaluating  the  above  three  purposes  in  a  cost-effective 
manner.   Cost-effectiveness  criteria  involve  identifying 
a  plan  that  mininiizes  "total  cost  to  society,"  i.e., 
resource,  environmental,  and  social  costs.   Resource  costs 
are  the  values  of  goods  and  services  representing  primary 
project  inputs  and  include  capital  costs  plus  operation, 
maintenance  and  replacement  costs  cf  water  pollution  con- 
trol works  required  to  accomplish  the  above  goal.   Environ- 
mental and  social  costs  may  be  viewed  primarily  as  damages 
associated  with  the  project  outputs.   In  general,  there 
may  be  numerous  strategies  for  accomplishing  all  three 
purposes.   Each  strategy  may  have  different  resource  costs 
as  well  as  environmental  and  social  costs.   The  cost- 
effective  solution  is  one  which  minimizes  the  total  costs. 

An  urban  area  will  usually  embody  several  separate 
political  entities.   Since  these  groups  must  bear  a  portion 
cf  resource  costs  as  well  as  the  damages,  the  selected 
plan  must  be  acceptable  for  it  to  be  impl ementabl e .   Thus, 
preparation  of  the  area-wide  plan  involves  not  only  engineer- 
ing considerations  but  also  economic,  financial,  social  and 
environmentalanalysis. 

This  chapter  first  re'/iews  basic  concepts  from 
economic  theory  and  presents  optimal  ity  cri;:eria  for  simple 
cases  of  water  quality  management.   Difficulties  in  apply- 
ing these  criteria  are  discussed  and  the  need  for  mul tiobjective 


planning  is  outlined.   Various  concepts  involved  in  m u 1 1 i - 
objective,  multipurpose  and  rru  It  i  group  planning,  in  the 
context  of  the  area- wide  plan,  are  then  presented. 

3  .  2      Economi  c  Analysis 

Water  quality  management  may  be  viewed  as  a  produc- 
tion process  whose  basic  purpose  is  to  convert  resources 
from  a  given  form  (input)  into  a  more  useful  form  (output) 
A  water  quality  management  project  is  constructed  to  pro- 
duce such  desired  final  OLitputs  as  the  protection  of 
health,  esthetic  and  other  beneficial  uses  of  the  water. 
The  immediate  output  can  be  assumed  to  be  the  amount  of 
pollutant  removal.   System  itiputs  can  be  thought  of  as 
the  physical  structures,  e.g.,  treatment  plant,  storage 
device,  that  define  system  design.   These  inputs  can  be 
directly  translated  into  primary  resources  such  as  land, 
labor  and  capital. 

The  relationship  between  inputs  X  =  (x,,...,x) 
and  outputs  Y  =  (y-],...,y  )  is  expressed  by  means  of  a 
production  function 


g(X,Y)  =  0 


(3.1 


which  identifies  those  combinations  of  outputs  and  inputs 
by  which  it  is  impossible  to  produce  more  of  one  output 
without  either  producing  less  of  some  other  output  or  re- 
quiring more  of    some  input. 
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Associated  with  each  input  and  output  are  the 
resource  costs  and  the  pollutant  damage  costs. 

The  economic  optimization  probleni  for  water  quality 
management  can  be  stated  as  follows: 


minimize  Z  =  F  (X)  +  F„(Y) 

subject  to  q(X,Y)  =  0 
X,Y   >  0 
where    F,(X)  =  sum  of  resource  costs; 

F2(Y)  =  sum  of  damage  costs;  and 
Z  =  objective  function. 


(3.2) 


Thus,  the  objective  is  to  find  an  alternative  having 

minimum  value  of  Z  with  the  constraint  that  only  alternatives 

contained  on  the  production  function,  g(X,Y)  ==  0,  need  be 

considered.   Relevant  sinple  cases  are  examined  using  a 

geometrical  approach. 

^ •   Single  Facility,  Single  Purpose  (one  input, 
one  output)         '^~' 

Assume  a  single  t.'eatment  plant  with  its  input 
represented  by  nc  BCD  removed.   This  case  is 
typical  of  dry-weafier  flow  control.   The  output 
vector  Y  is  a  compilation  of  the  quantities  of  all 
goods  and  services,  including  labor,  required  to 
construct  a  treatment  facility  of  specified  size 
(flow  rate).   The  output  can  be  represented  by  a 
single  component,  y,  the  cost  "in  dollars  of  primary 
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input  resources.   The  input  vector  is  the  amount 
of  various  pollutants  removed  and  may  be  repre- 
sented by  a  single  component,  x,  representing  BOD- 
removed.   The  simplified  production  function  be- 
comes , 


y  =  g(x) 


(3.3 


where    x  =  pounds  of  BOD  removed  per  period;  and 

y  =  cost  of  treatment  plant  of  specified 
capacity  in  dollars  per  period. 


The  resource  costs  are  illustrated  in  Figure  3-1. 
Since  the  damages  to  society  are  incurred  as 
a  result  of  the  BOD  released,  these  costs  are 
inversely  proportional  to  the  input  x  (BOD  removed 
or  withheld).   A  generalized  curve  of  these  costs 
vs.  the  input  is  shown  in  Figure  3-1.   The  objec- 
tive function  is  derived  by  the  vertical  summation 
of  the  two  curves.   From  this  curve,  the  optimal 
output  y   and  input  x   is  at  the  point  where  the 
resource  costs  plus  the  societal  damages  are  at 
their  minimum  as  shown  in  Figure  3-1. 

2 .   Dual  Facilities,  Single  Purpose  (two  inputs, 
one  output) 

Assume  that  we  nave  two  facilities  such  as 
a  storage  tank  and  a  treatment  plant  to  accomplish 
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SOCIETAL    DAMAGES,  ?2 


INPUT,  X    (BOD    REMOVED,    %    OF   TOTAL) 


Figure  3-1.   Determination  of  Optimal  Level  of  Input  and 
Output:   One  Input,  One  Output 
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BOD  removal.   This  case  is  typ-ical  for  control 
of  wet- weather  flows.   In  this  case,  the  two  in- 
puts are  the  treatment  rate  and  the  storage  volume 
The  output  is  the  amount  of  BOD  removed.   The  pro- 
duction function  can  be  represented  by 


y  =  g(x-,,  x^)  (3.4) 


where   y  =  pounds  of  BOD  removed; 
X-,  =  treatment  rate;  and 
x,p    =    storage  volume. 

The  above  formulation  allows  isoquants  (lines  of 
equal  output)  to  be  generated  showing  all  possible  com- 
binations of  x-,  and  x^for  a  specified  output  level  y. 
Several  hypothetical  isoquants  as  a  function  of 
treatment  rate  and  storage  capacity  are  shown  in 
Figure  3-2.   For  a  given  isoquant,  the  same  output 
y  can  be  produced  by  a  mix  of  x,  and  x^  which  yields 
a  given  output  at  the  lowest  cost.   If  the  costs 
are  linear,  then 


(X) 


L.-|A-i    '    >_*^A/^ 


(3.5) 


where  F,(X)  =  total  cost; 


c-j  =  unit  cost  of  resource,  x,;  and 
Cr)    -    unit  cost  of  resource,  Xp 

Graphically,  this  shows  up  on  Figure  3-2  as  a  system 
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y=g(X|,x2) 


INPUT  X,  (TREATMENT  RATE) 


Figure  3-2.   Determination  of  Optimal  Combination  of 
Inputs;   Two  Inputs,  One  Output 
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of  parallel  i so-cost  lines.   Production  of  a  given 
level  of  output,  y,  with  least -cost  combination 
of  resources  occurs  where  an  isoquant  is  tangent 
to  the  iso-cost  line.   At  this  point 


MRS 


where   MRS 


1 


2,1 


2,1 


c. 


MC 


(3.6) 


MC. 


marginal  rate  of  substitution  of 
X2  for  X, ;  and 

marginal  cost  of  input  i. 


The  expansion  path,  shown  in  Figure  3-2,  traces  out 

the  locus  of  the  optimal  combination  of  inputs  for 

various  output  levels.   The  expansion  path  then  can 

be  used  to  derive  the  curve  shown  in  Figure  3-1, 

from  which  the  optimal  amount  of  BOD^  removal  can 

b 

be  determined.   Lastly,  the  optimal  mix  of  inputs, 
x-i"  and  x^",  can  be  determined  from  Figure  3-2  as 
illustrated. 


3 .   Single  Facility,  Dual  Purpose  (one  input,  two 
0  u  c  p  u  t  s  ) 


Assume  a  treatment  facility  designed  to  accom- 
plish BOD  removals  from  ary-weather  flow  as  well  as 
wet- weather  flow.   The  input  x  can  be  taken  as  the 
total  resource  costs.   "["he  two  outputs  are  the  amount 
of  dry-weathsr  BOD  removed,  y, ,  and  the  amount  of 
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wet-weather  BOD  removed,  y^.   The  production  func- 
tion beccnies 


X  =  g(y^ ,  y2) 


(3.7) 


A  family  of  curves  can  be  obtained  showing  outputs 
y,  and  y„  that  can  be  produced  with  a  given  input, 
X.   These  product  transformation  curves,  shown  in 
Figure  3-3,  identify  the  locus  of  all  possible  com- 
binations of  outputs  that  can  be  produced  with  a 
given  fixed  input.   A  concave  curve  indicates  tnat 
the  two  outputs  are  complementary.   The  slope  of 
the  product  transformation  curve  is  called  the 
marginal  rate  of  transformation.   A  family  of  parallel 
lines  called  iso-revenue  lines  or  iso-benefit  lines 
may  also  be  drav/n  in  Figure  3-3.   Each  of  these 
lines  shows  tne  different  combination  of  outputs 
that  could  be  obtained  for  the  same  amount  of  gross 
revenue  or  benefits.   The  optimal  mix  of  the  outputs 
is  achieved  where 


MRT, 


1  ,2 


MB- 
FlB^ 


(3.8 


where  M  R  T 


1  ,2 


MB, 


marginal  rate  of  transformation 
of  V   for  v„  ; 

price  for  output  v - ;  and 

H.J, 

marginal  benefits  from  output,  y. 


ISO-RcVEfiUE    OR 
ISO- BENEFIT    LINES 


OPTIMUM   COMBINATION    Y   OUTPUTS 
V~Y]    AND   Y2-F0R    GIVEN    LEVEL   OF 
\  BENEFIT 

EXPANSION    PATH 


SOURCE    COSTS 


OUTPUT    y.     (DRY -WEATHER    BOD    REMOVED) 


Figure    3-3.       Determination    of   Optimal    Combination    of 
Outputs:      One    Input,    Two    Ou'tputs 
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An  expansion  path  s  h  o v-;  i  n  g  the  o o  t  i  r a  1  c o m b i  i^  a  t  i  c  n 
of  y-j  and  y^  for  given  levels  of  benefits  can  be 
generated  only  if  the  output  prices  or  their  mar- 
ginal benefits  are  known.   The  expansion  path  then 
can  be  used  to  construct  Figure  3-1,  yielding  the 
optimal  amount  o^    total  BODr  removal.   The  OD-trimal 
combination  cf  outputs  is  determined  using  Figure 
3-3. 

4 .   Single  Facility  vs.  Dual  Facility 


Assume  two  sources  of  dry-weather  flow  are  lo- 
cated at  some  distance  from  each  other.   A  typical 
example  may  be  two  cities  along  a  river.   The 
problem  in  this  case  is  to  determine  whether  each 
city  should  build  its  own  treatment  facility  or 
build  one  joint  facility.   Economic  analysis  re- 
quired to  determine  the  optimal  amount  of  output 
(BOD  removed)  for  two  single  facilities  is  similar 
to  the  single  facility,  single  purpose  case  shown 
in  Figure  3-1,  except  that  additional  environmen- 
tal and  social  costs  (externalities)  may  be  incurred 
by  one  or  both  cities  as  a  result  of  the  facility 
of  the  other  community.   The  optimal  joint  output, 
y  ,  for  two  facilities  is  equal  to 
1 


+  y 


2  ' 


53 


1      1 

X   =  X-, 


where  y.   =  optimal  output  (BOD  removed)  by  plant  i. 

The  total  resource  costs  are 

1 
1   "  ^2 

where    x.   =  resource  cost  of  plant  i. 

The  economic  analysis  for  the  joint  facility  is  simi 
lar  to  the  single  facility -dual  purpose  case  illus- 
trated in  Figure  3-3.   The  optimal  joint  output  is 
y"  and  the  total  resource  cost  is  x".   Then  the 
joint  facility  is  cost  effective  if  and  only  if 


X   5  x-j   "*■  ^2   =  X 


(3.9) 


5 .   Allocation  of  Capacities  Between  Purposes 

Assume  a  treatment  facility  used  primarily  for 
dry-weather  BOD  control  and  a  storage  facility  used 
primarily  for  wet-weather  BOD  control.   The  objec- 
tive in  this  case  is  to  determine  if  the  total  out- 
put can  be  increased  by  a  reallocation  of  treat- 
ment and  storage.   The  storage- treatment  isoquants 
for  dry-weather  BOD  and  wet-weatner  BOD  are  shown 
in  Figures  3-4  and  3-5.   Let  T^ °  be  the  available 
capacity  of  the  treatment  facility  and  3^°  be  tne 
available  storage  caoacity. 

Conditions  that  must  be  fulfilled  to  guarantee 
efficient  allocation  of  resources  betvseen  two  consumers 
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Figure    3-5.       Generalized    Isoquants    for   Wet-Weather    Control 
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are  usually  derr,on3t)'ated  in  economic  theory  by  an 
Edgeworth  Box  diagram  (Leftwich,  1965;  Cohen  and 
Cyert,  1965;  Be M  and  Todaro,  1969).   Using  this 
procedure,  the  Edgeworth  Box  diagram  for  this  prob- 
lem is  presented  in  Figure  3-6.   The  dry-weather 
BOD  removal,  y,,  increases  from  bottom  left  to  top 
right  and  the  wet-weather  BOD  removal,  y^,  increases 
from  top  right  to  bottom  left.   As  can  be  seen  from 
Figure  3-6,  movement  along  "•'scquant  y,   reallocates 
storage  and  treatment  such  that  dry -weather  BOD 
removal  remains  y,  ,  while  wet-weather  BOD  removal 

increases.   At  point  B,  wet- weather  BOD  removal  is 

0      3 
increased  from  y„   to  y^  .while  dry-weather  BOD 

removal  remains  constant  at  y,  .   At  this  point, 
T-,   of  the  treatment  capacity  and  S-,   of  the  storage 
volume  have  been  allocated  to  dry- weather  BOD 
removal  and  the  remaining  treatment  and  storage  to 
wet- weather  BOD  removal.   Similarly,  if  a  move  is 
made  along  isoquant  y^  ,  wet- weather  BOD  removal 
remains  constant  while  dry-weather  BOD  removal  in- 
creases.  At  point  A,  dry-weather  BOD  removal  has 

0      3 
increased  from  v.,   to  y,  ,  while  wet- weather  BOD 
'1      -^1 

removal  remains  the  same.   This  point  corresponds 
to  reallocation  of  T,   of  treatment  and  S-,   of 
storage  volume  to  dry-weather  control  and  the  re- 
mainder to  w e t - w e a t h e r  control.   Curve  A B  is  called 
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the  contract  curve.   It  will  be  designated  as  the 
noninferior  set  because  dry -weather  BOD  removal 
can  only  be  increased  by  decreasing  the  wet-weather 
BOD  removal  or  vice  versa.   This  is  shown  in  Figure 
3-7,  which  is  derived  from  the  contract  curve  AB. 
As  in  case  three  above,  the  optimal  mix  of  the  two 
outputs  can  be  determined  only  if  the  product  price 
or  marginal  benefits  are    known.   Knowing  the  optimal 
mix  of  the  two  outputs,  optimal  allocation  of  treat- 
ment and  storage  to  the  two  purposes  can  be  deter- 
mined from  the  Edgeworth  Box.   The  above  analysis 
would  also  apply  if  the  two  purposes  were  to  be 
replaced  by  two  groups  such  as  city  1  and  city  2. 
The  results  yield  the  optimal  allocation  of  treat- 
ment and  storage  between  these  cities. 

Application  of  these  economic  concepts  to  water 
quality  management  is  usually  not  practical  for 
several  reasons.   First,  it  requires  the  evaluation 
of  environmental  and  social  costs  or  the  "societal 
damage  cost  function"  which  relates  project  outputs 
and  damages  in  order  to  determine  the  optimal  out- 
put.  These  costs  are  not  identifiable  in  monetary 
terms.   Rather,  they  are    usually  described  using 
qualitative  and  quantitative  terms  as  the  adverse 
enviror,mental  and  social  impacts.   Thus,  the  eco- 
nomic optimization  proolem  of  equation  3.1  needs 
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to  be  extended  to  the  following 


minimize  Z  =  (i-esource  cost;  environmental 
and  social  costs) 


=  F^  (x)  ;  F2(y 


(3.10) 


subject  to  g(x,  ^' )  =  0 


X,  y  >  0 


The  economic  analysis  above  also  requires  specifi- 
cation of  the  product  prices  or  marginal  benefits 
in  order  to  determine  the  optimal  mix  of  outputs. 
If  it  is  assumed  that  the  marginal  benefits  from 
removal  of  one  pound  of  dry-weather  BOD  are  the 
same  as  that  obtained  from  removal  of  one  pound  of 
wet-weather  BOD,  the  marginal  benefit  curve  would 
be  a  45°  line  and  the  optimal  mix  of  outputs  can 
be  determined.   If  the  marginal  benefit  curve  can- 
not be  specified,  then  the  solution  would  be  the 
entire  set  such  as  shown  in  Figure  3-7.   Further, 
even  where  the  optimal  mix  of  outputs  can  be  ob- 
tained by  using  the  marginal  benefit  curve,  the 
economic  theory  derives  this  solution  based  on 
efficiency  alone  and  does  not  concern  itself  with 
whether  the  allocation  is  equitable.   Thus,  the 
economic  optimization  problem  in  this  case  needs  to 
be  extended  as  follows: 


maximize  Z  ==  (Dry-weatner  BOD;  Wet-weather  BOD) 

=  [y^>   y^)  (3-11) 

subject  to  g(ST,T,,y,)  =  0 

g{S2,T2,y2)  =  0 


S-j  ,T^  ,S2,T2,y-,  ,y2  >  C 


The    problem   may    be  viewed  as  an  efficiency   and    equity 
probl em. 


3  .  3  M  u 1 1  i  0  b  j  e  c  t  i  V  e    Planning 

Problems  involving  objective  functions  of  the  form 
given  by  equations  (3.10)  and  (3.11)  are  usually  referred 
to  as  m u It i objective  problems  as  they  involve  optimization 
of  a  vector  of  objectives.   During  the  last  few  years, 
multiobjective  planning  has  been  promulgated  in  the  general 
area  of  water  resources  development.   Traditionally,  projects 
for  water  resources  development  have  been  evaluated  on  the 
basis  of  a  single  criterion,  national  economic  efficiency. 
The  procedure  involves  an  evaluation  of  the  total  benefits 
and  costs  of  the  project  to  examine  its  economic  impact. 
Strong  objections  have  been  levied  against  benefit-cost 
analysis  ( M  a  a  s  s  ,  1970;  P  r  e  s  t  and  T  u  r  v  e  y  ,  i 9  6  5  ;  Whipple, 
1971;  Cohon,  1973).   The  criticism  has  led  to  the  promul- 
gation of  multiobjective  planning  (U'ater  Resources  Council, 
1970)  using  the  following  four  objectives: 
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(1)  rational  econoriic  aevelopment  (i.e.,  national 
e c 0 n 0 mi c  8 f  f  i  c  i  e n cy  )  , 

(2)  environmental  quality, 

(3)  ::ocial  well  being,  and 

(4)  regional  development. 

Howe  (1971;  argues  that  social  well-being  and  regional 
development  can  be  classified  as  distributional  problems, 
i.e.,  that  these  objectives  address  the  question  of  how  the 
benefits  and  costs  are  distributed.   The  same  is  also  par- 
tially true  for  environmental  quality.   These  problems  are 
generally  referred  to  as  equity  questions.   Thus,  the  above 
four  objectives  can  be  narrowed  down  to  two  objectives, 
i.e.,  efficiency  and  equity.   The  objectives  to  be  accom- 
plished in  urban  wastewater  management  are  quite  similar 
to  those  for  water  resources  planning.   Thus,  the  multi- 
objective  planning  in  urban  wastewater  management  may  be 
viewed  as  an  extension  of  the  policy  to  water  quality 
management . 

The  general  theo'-y  of  multi  objective  planning  is 
outlined  by  Major  (19  69)  ana  Howe  (1971).   While  benefit- 
cost  analysis  maximizes  economic  efficiency,  multiobjec- 
tive  analysis  maximizes  a  vector  quantity,  the  elements 
of  which  are  the  net  benefits  associated  with  each  objec- 
tive.  If,  for  example,  the  objectives  are  to  minimize  the 
cost  of  treatment  (dollars)  and  pollution  load  (estimated 
as  #  of  BOD-  aischarged)  subject  to  appropriate  constraints. 
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a  transformation  curve  can  be  generated  by  successive  solu- 
tion of  this  vector  miniTiization  problem.   The  transforma- 
tion curve  defines  the  set  of  non inferior  solutions.   This 
set  is  comprised  of  those  solutions  wherein  it  is  impossible 
to  increase  the  value  of  one    objective  without  decreasing 
the  value  of  the  other  objective.   ^he  transformation  curve 
and  the  non inferior  set  are  illustrated  in  Figure  3-8.   If 
one  knows  the  indifference  curve  (rate  of  tradeoff  between 
or  among  objectives),  an  appropriate  mix  of  these  objectives 
known  as  the  best  compromise  solution,  can  be  found  as  illus- 
trated in  Figure  3-8.   This  solution  then  yields  a  best 
possible  distribution  of  treatment  cost  and  quantity  of 
BOD  discharged.   Unfortunately  it  is  no  trivial  matter  to 
determine  both  curves  in  actual  practice. 

A  general  formulation  of  the  multiobjective  prob- 
lem is  as  follows: 


minimize  Z ( X  )  -  Z , ( X  )  , ,  Z  (X 


subject  to  g.(X)  <_   0 


y-i 


3.12 


X  >  0 

where    X  =  a  vector  of  decision  variables 
Z  .  (  X )  =  i  t  h  objective:,  and 


g-(X)  =  constraints 
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Figure    3-8.       Determination    of    Best    Compro.mise    Solution 


Mathematical  prograairriing  techniques  offer  a  promis- 
ing way  of  analyzing  the  above  mul ti object i ves  (Cohon,  1973; 
Cohon  and  Marks,  1973).   By  using  either  weighting  tech- 
niques or  constraint  techniques,  the  transformation  curve 
is  generated.   In  the  former  case,  this  is  accomplished  by 
\/arying  the  weights  on  each  of  the  objectives.   It  is  easy 
to  do  this  computationally  using  parametric  programming. 
The  alternative  approach  optimizes  one  of  the  objectives 
subject  to  the  usual  constraint  set  and  an  additional 
constraint  which  indicates  a  prespecified  level  of  attain- 
ment of  the  second  objective.   Tiius,  from  a  computational 
point  of  view,  the  non inferior  set  of  solutions  can  be 
determined.   However,  to  solve  the  problem,  the  rate  of 
tradeoff  between  objectives  needs  to  be  articulated.   In 
actual  practice,  the  set  of  non inferior  solutions  is 
submitted  to  the  decision  maker(s)  who  then  selects  the 
best  compromise  solution.   Since  tne  indifference  curve 
is  usually  not  available,  selection  of  the  best  compromise 
solution  implies  value  judgements.   Such  a  situation  does 
not  ensure  that  the  solution  attains  the  equity  objective. 
Some  mul ti objecti ve  solution  techniques  for  deriving  the 
best  compromise  solution  are  discussed  in  Chapter  7.   The 
next  two  sections  discuss  the  efficiency  and  equity  ques- 
tions that  arise  in  the  context  of  urban  wastewater  manage- 
ment . 
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3  ,  4     Efficiency  and  Equ  i  ty 


There  has  been  sustained  interest  over  the  past 
decade  in  determining  optimal  regional  environmental  quality 
management  strategies.   Numerous  investigators  have  demon- 
strated that  coordinated  wastewater  creatment  strategies 
are  more  efficient,  in  an  economic  sense,  than  decentral- 
ized treatment  plants,  e.g.,  Heaney  e_t  a_l_.  (1971).   Similar 
results  have  been  obtained  for  air  pollution,  e.g..  Teller 
(1958)  and  Seinfieid  and  Kyan  (1971)  and  will  also  be 
demonstrated  to  occur  in  urban  waste  management.   However, 
there  has  been  little  success  in  implementing  such  pro- 
posals due  partially  to  the  nonexistence  of  a  real- world 
regional  authority  with  necessary  power  to  shift  decisions 
in  this  direction.   Lacking  such  a  regional  authority,  Hass 
(1970)  investigated  the  possibility  of  setting  up  a  system 
wherein  price  guides  could  be  used  to  direct  the  activi- 
ties of  the  individual  waste  dischargers  toward  the  regional 
optimum.   He  structured  the  problem  using  the  decomposition 
principle   ( D a n  t  z  i  g  ana  Wolfe,  1960).   Briefly,  the  decom- 
position principle  oartitions  the  total  regional  problem 
into  a  series  of  subproblems  —  one  for  each  waste  discharger, 
and  a  regional  xaster  problem.   Each  'vaste  discharger  sub- 
mits a  provisional  control  plan  to  the  regional  authority 
who  runs  tne  m aster  problem  to  see  if  a  regional  optimum 
has  been  aciiieved.   If  n^^t,  he  trans, :i its  a  revised  set  of 
criterion  elements,  cost  coefficients  in  tnis  case,  to  the 
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individucil  waste  dischargers.   They  resolve  their  problem 
and  may  decide  to  subnit  an  additional  solution  for  con- 
sideration.  Each  such  solution  represents  an  extreme 
point  from  their  feasible  region.   Since  there  are  only  a 
finite  number  of  such  extreme  points,  the  algorithm  even- 
tually converges.   The  resultant  optimal  regional  solution 
is  actually  a  weighted  average  of  the  extreme  points  of 
the  solutions  subj, itted  by  the  individual  waste  dischargers 
However,  it  may  occur  that  the  optimal  solution  for  an 
individual  is  a  convex  combination  of  two  adjacent  extreme 
points  so  that  the  notion  of  decentralization  by  price 
guides  alone  breaks  down  (Baumol  and  Fabian,  1964).   The 
reason  is  that  the  individual  is  now  indifferent  among 
solutions  along  this  edge  connecting  the  adjacent  extreme 
points  while  tne  regional  authority  knows  precisely  wnere 
along  the  edge  the  individual  should  act  in  the  interest 
of  regional  efficiency.   Thus,  in  general,  more  than  price 
guides  are  necessary  to  achieve  the  regional  optimum. 
Charnes,  Clov/er  and    Kortanek  (1967)  suggest  the  inclusion 
of  preemptive  goals  as  -.  device  ^^ c r  p !" o v i  d i  n g  the  requisite 
amount  of  information  to  attain  a  s:able  condition. 

Dorfman  and  Jacoby  i'i970)  have  argued'  that  the 
optimization  models  might  be  used  to  screen  tne  number  of 
alternatives  c o iv n  to  a  reasonable  n ij m o e  r  (say  five  to 
ten)  and  then  subriiit  tnese  Pa^e  :o~admi  s  s  i  bl  e  solutions 
to  further  scrutiny  by  employing  a  simple  pciitical 
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si  inul  a  t  i  on  model.   The  essence  of  this  approach  is  to  assign 
weights  based  on  the  relative  importance  of  each  decision- 
making group.   One  can  then  generate  various  weighting 
schemes  and  examine  how  sensitive  the  solution  is  to  the 
assumed  weights.   Burke  and  Heaney  (1975)  have  devised  a 
more  formalized  political  simulation  model  based  on  work 
by  Bulkley  and  McLaughlin  (1956)  and  applied  it  to  the 
Dorfman- Jacoby  example.   Their  effort  describes  the  rela- 
tive power  of  several  interest  groups  and  simulates  the 
bargaining  process  and  coalition  formation  among  these 
groups . 

An  essential  component  of  any  workable  program  is 
the  notion  that  the  resultant  solution  not  only  is  effi- 
cient but  also  is  fair  to  every  one  of  the  participants. 
Thus,  if  the  performance  standards  or  control  criteria 
are  specified,  the  efficient  solution  is  the  least-cost 
solution  subj'ect  to  meeting  this  control  criterion.   Given 
this  solution,  the  question  of  equity  must  then  be  resolved. 
Some  of  the  concepts  involved  in  efficiency  and  equity 
are  outlined  below. 

There  are  nume'^ous  ways  to  control  pollution  using 
on-site  control  and/or  off-site  control.   Thus,  a  general 
framework  is  needed  for  addressing  the  problem.   The 
selected  approach  is  based  on  the  planning  theory  of  zoning 
(Herzog,  1969).   Using  the  planning  theory  of  zoning,  each 
source  of  pollution  calculates  -che  cost  of  handling  the 
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problem  on-sita  as  a  function  of    the  allowable  rate  of 
release  frcn)  nis  area.   The  cost  function  would  look  like 
the  curve  shown  in  Figure  3-9.   Costs  decrease  as  the  allow- 
able release  increases.   In  fact,  the  cost  falls  to  zero 
as  it  is  allowed  to  release  more  and  more  pollution. 
Assume  that  such  a  curve  exists  for  each  area.   Note  that 
the  abscissa  could  be  air  pollutants,  water  pollutants, 
noise  or  any  other  "nuisance"  which  is  normally  covered 
by  zoning  regulations. 


ON-SITE 
POLLUTION 
CONTROL  COSTI 


$/Q 


ALLOWABLE     RELEASE:      Q 


igure    3-9.       General izea    Cost    Function    for    On-site    Storm- 
water    Control 
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In  this  case,  the  policy  question  is  to  determine 
how  much  pollution  can  be  released  from  each  of  these 
areas.   Using  the  planning  theory  of  zoning,  the  answer 
depends  on  a  determinat"' on  of  "assimilative  capacity." 
Assume  that  the  required  level  of  control  can  be  specified 

ExamD i  e 


The  following  example  is  presented  in  order  to 
illustrate  many  of  the  concepts  to  be  discussed.   Assume 
the  region  under  consideration  has  been  partitioned  into 
three  study  areas.   Each  study  area  has  two  options:   (]) 
on-site  control,  and/or  (2)  off-site  control  at  a  central 
control  facility.   The  f ol 1 owi ng- notati on  is  used.   Let 


X--  =  decision  variable:   number  of  units  of 
control  j  selected  for  area  i; 

x.-  =  upper  bound  on  x..; 

c-.  =  unit  cost  for  control  j  in  area  i; 

D-  =  quantity  of  commodity  originating  in  area  i; 

Q.;  =  maximum  allowable  release  of  pollutant  from 
area  i  ; 

Q.  =  quantii:y  of  pollutant  released  from  area  i; 

Z.  -    total  control  cost  to  area  i; 

IT.  =  reduction  in  control  cost  to  area  i  if  Q. 
i  s  i  n  c  r  e  a  s  e  d  b  y  0  n  e  u  n  i  t ;  "" 

t^.  =  unit  cost  of  transDortinq  pollutant  from 
area  i  to  the  central  control  location; 

c  =  unit  cost  of  central  control;  and 

Vi    =  maximum  control  at  central  facility. 
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The  example  problem  is  shown  in  Figure  3-10  using  a  net- 
work representation.   This  problem  is  deliberately  over- 
simplified to  permit  us  to  understand  the  concepts  without 
getting  enmeshed  in  computational  difficulties.   The  results 
can  be  extended  easily  to  more  realistic  cases  where  mul- 
tiple central  control  facilities  exist. 

The  overall  objective  function  seeks  to  minimize 
the  total  cost  of  on-site  and  off-site  control.   The  problem 
facing  each  study  area  is  to 


m  T  n  1  m  1  z  e 


Z.  -    L    c..  X..  .  (c+t.)Q. 


subjectto    Lx-.+Q.  ~D^- 


(3.13) 


Q  •  <  Q  • 


x.j  <  X..  for  all  j. 


X.-  ^0    for  all  j,  and 


~.    >  0 


For  area  1,  the  problem  is  to  select  x-,^,  x,,,  and  x-,^ 
so  as  to  minimize  Z,  ^  'Q^i]  ^    ^^i?  "•"  O^it  "*'4Q-] 


subject  to   x-,^  +  x,2  +  x,^  "^  Qi  ""  ^00 

Qt  1  Q 
<  100 


■11 


■12 


<  200 

<  200 


^^13 


(3.14) 
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Figure  3-10.   Network  Representation  of  Example  Prob''em 
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This  is  a  very  simple  problem  to  solve  if  Q-,  is 
known.   As  it  tuTis  out  this  is  a  question  of  critical 
iniportance  in  sone  c.ises.   In  the  context  of  environmental 
quality  management  Q-,  represents  a  judgement  on  the  part 
of  the  administrator  as  to  the  "assimilative  capacity"  or 
availability  of  off-site  controls  to  area  1.   Traditionally, 
the  natural  system  has  provided  these  off-site  controls 
free    of  charge.   For  example,  the  off-site  area  in  this 
example  could  be  a  swamp,  river,  or  the  atmosphere. 

Willingness  to  Pay  for  Off-Site  Control 


In  order  to  find  Q-,  we  need  to  know  how  much  each 
area  is  willing  to  pay  for  off-site  control  based  on  its 
alternative  on-site  control  costs.   This  can  be  done  by 
solving  the  above  linear  program  for  various  values  of 
Q.,  assuming  on-site  control  is  required.   Thus,  for  the 
moment,  Q-  is  analogous  to  an  effluent  standard  imposed 
on  area  i.   The  problem  can  be  solved  by  deleting  the 
last  term,  (t.  +  c)Q.,  from  the  objective  function  and 
finding  the  optimal  solution  for  assumed  levels  of  Q-. 
Computationally  this  can  be  done  quite  easily  using  para- 
metric programming  as  explained  below.   Initially,  set 
Q^  =  0  and  solve  the  linear  programming  problem.   Then, 
as  a  postoptimal  procedure,  one  can  yary    Q.  continuously 
from  0  up  to  any  prescribed  upper  bound  using  as  the  right 
hand  side  0.  -  C  +  6r  whore  G  euuals  a  parameter  which 
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will  increase  continuously  from  0  to  1  and  r  is  a  scalar, 
say  1 G  C  C' ,  in  this  case.   This  solution  to  this  problem 
tells  tne  total  cost  to  area  i  for  any  value  of  Q.  which 
is  of  interest.   This  is  a  very    attractive  feature  of 
linear  programiiing.   Another  aspect  of  linear  programming 
which,  is  of  interest  is  duality  theory.   The  solution  to 
the  dual  problem  is  obtained  when  the  above  problem  (primal 
probleir)  is  solved.   Among  other  things,  it  tells,  for  a 
given  Q.,  the  reduction  in  cost  to  area  i  if  Q-  is  increased 
by  one  unit.   This  unit  cos!:  is  called  the  "shadow  price" 
with  respect  to  Q.  and  will  be  denoted  as  it.. 

Solve  the  example  problem  for  area  1  assum- 
ing Q^  =  0.   The  answer  is  simply  that  on-site  control  is 
used.   As  the  constraint  on  0,  is  relaxed,  area  1  will  sub- 
stitute off-site  control  for  its  most  expensive  on-site 
control,  x,-,,  in  this  case.   Thus,  it  is  saving  $6  per  unit 
change  in  Q-,  in  this  range.   The  analysis  continues  in 
this  manner  until  all  solution  possibilities  have  been 
identified.   The  results  are  shown  in  Figure  3-11. 

Assume  that  a  similar  analysis  was  done  for  areas 
2  and  3.   Then  the  willingness  to  pay  for  each  of  the 
three  areas  would  be  known.   Next  assume  each  area  was 
offered  as  much  discharge  as   it   wanted  at  its  cost  of 
(t^.  -^  c)  dollars  per  unit.   In  tnis  case,  the  aggregate 
demand  would  be  Q^  =  300,  0^  =  300,  Q^  -  250,  or  a  total 
demand  of  35  0  units.   But  suoposa  only  420  units  are 
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Figure    3-11.       Shad_ov'V    Price    for   Area    1    for    Assumed    Value 
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available.   How  should  the  available  capacity  be  allocated? 
It  can  be  assumed  that  the  central  agency  or  planning  auth- 
or-'ty  will  attempt  tc  maximize  the  aggregate  savings  to 
areas  1,  2,  and  3  from  using  the  regional  facility. 
Alternatively  preference  will  be  given  to  those  areas 
whose  on-site  control  costs  are  the  highest. 


Solution  of  the  Regional  Problem 

The  answer  to  the  above  question  can  be  obtained 
by  solving  one  larger  optimization  model  which  is  formu- 
lated on  the  following  page.   The  constraints  for  this 
problem  can  be  divided  into  two  categories:   (1)  three  sets 
of  study  area  constraints,  and  (2)  a  coupling  constraint. 
The  coupling  constraint  is  the  only  linkage  among  the 
three  study  areas.   If  the  values  of  Q-,  ,  Qp,  and  Q^  are 
prespecified,  then  the  larger  problem  can  be  completely 
decomposed  into  three  independent  subproblems.   There  are 
many  real- wo  rid  situations  in  which  an  a  priori  apportion- 
ment is  used,  e.g.,  allocation  to  each  area  based  on  its 
size,  population,  etc.   Fo*^  a  oollutant,  W  might  be  the 
assimilative  capacity  of  che  recei^/ing  water,  which  has 
been  apportioned.   In  the  case  of  a  pollutant,  the  appro- 
priation is  equivalent  tc  pi^escribing  effluent  standards. 

Assume  an  apportionment  is  established  such  that 
Q-i  =  Q^  =  Q.,  =  420/3.   Given  this  apportionment,  find  Z,, 


Z  ^ ,  and 


the  least-cost  solutions  for  the  three  areas. 
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The  results  are 
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3 

E 
i  =  l 


1360 

^1     '- 

$1 

1540 

^2    = 

4 

2560 

^3    ^ 

! 

Z.  =  S5460 


3 

y 

i  =  l 


140 
140 
140 
420 


Apportioning  the  capacity  among  the  three  areas  results  in 
a  combined  cost  of  $5,46  0.   Next  examine  whether, 
from  a  least-cost  point  of  viev/,  ^t    would  be  possible  to 
select  Q-,  ,  Q^,  and  Q^  such  that  costs  are  reduced.   This 
problem  can  be  solved  by  running  the  entire  linear  program 
with  Q-,,  Op,  and  Q^  as  decision  variables.   This  approach 
is  equivalent  to  receiving  system  standards  wherein  the 
coordinator  allocates  the  assimilative  capacity  in  an  op- 
timal manner.   This  is  precisely  the  problem  to  be  addressed 
here.   The  optimal  solution  is 


3 

Z 

1=1 


1 


$1400 
Z2  =  1020 
Zo  =   2650 

Z,  =  $5070  :  7T  =  $4 


i-1 


'1 


100 
Q2  =  270 
Q3  =  _50 

Q.  =  420 


The  solution  to  the  overall  optimization  problem  reduced 
total  costs  from  $5,450  to  $5,070  by  making  more  effective 
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use  of  the  availab^'e  capacity.   As  can  be  seen  by  examining 
the  solutions,  the  node]  took  capacity  from  1  and  3  and 
allotted  it  to  2  since  its  net  savings  (tt„)  were  higher. 
While  this  latter  solution  is  the  least. costly  from  an 
overall  point  of  view,  if  the  costs  are  assigned  as  shown 
above,  areas  1  and  3  are  made  worse  off  while  area  2  is 
made  significantly  better  off.   Thus,  areas  1  and  3  mignt 
reasonably  object  to  such  a  solution.   This  is  precisely 
the  problem  that  has  thwarted  implementation  of  optimal 
programs,  i.e.,  while  they  are  the  least  costly,  they  do 
not  seem  to  be  "fair"  to  everyone.   Therefore  one  needs 
a  procedure  which  is  not  only  efficient  but  also  equitable. 

Solution  Using  Market  Price  Concept 


Perhaps  one  could  use  demand  theory  from  economics 
to  determine  a  better  solution.   The  aggregate  demand  curve 
for  the  three  areas  is  shown  in  Figure  3-12.   Knowing  the 
demand  curve  and  the  supply  curve,  then  it  is  possible  to 
determine  tne  'market  price"  for  the  central  facility. 
Referring  to  Figure  3-12,  it  is  $4/Q.   Thus,  according  to 
economic  theory,  to  achieve  efficient  resource  allocation, 
a  market  price  of  $4  per  unit  of  storage  should  be  used. 
Let  TT  denote  the  market  price  (which  is  the  same  as  the 
shadow  price  of  the  central  facility  from  the  overall  op- 
timization model),  to en  the  assessment  to  each  study  area 
per  unit  is  (  tt  +  c  +  t ,  ) . 
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DEMAND    FOR   OFF-SITE   DISCHARGE 
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SUPPLY 
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ALLOVVASLE    OFF- SITE    RELEASE    FROM    AREAS    1,2,8,3 


Figure    3-12.       Demand    for    Off-Site    Discharge 


Econon^ic  theory  aoes  not  address  the  distributional 
questions  associated  with  using  a  market  price  concept. 
Thus,  until  recently,  a  very    fundamental  question  was  left 
unanswered  as  indicated  below.   First,  if  one  actually 
charges  the  "n^arket  price"  then  a  profit  of  ^20  tt  is  realized. 
What  do  you   do   with  the  money?   Traditionally,  public 
services  have  been  priced  based  on  the  cost  of  the  service. 
Thus,  one  could  argue  that  such  a  price  cannot  be  charged. 
Economic  theory  uses  the  notion  of  consumer  surplus  which 
is  defined  as  the  difference  between  an  individual's  willing- 
ness to  pay  and  the  actual  assessment  levied  against  him. 

Value  of  the  Off-Site  Disposal 

Let  us  determine  the  aggregate  "consumer  surplus" 
in  this  case  if  each  area  pays  for  off-site  discharge  it 
is  allotted.   As  can  be  seen  from  this  calculation, 


Area 


Consumer  Surplus  if 
( c  +  t  •  )  is  Charged 


6(100)  =  $  600 

4(270)  =   1080 

10(  50)  =    500 

$2180 


the  aggregate  "consumer  surplus"  is  S2180.   In  this  ex- 
ample, the  "consumer  surplus"  is  the  savings  which  accrue 
to  each  of  tiie  three  areas  because  ot  the  availability  of 
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420  units  of  off-site  disposal.   This  leads  us  to  an  impor- 
tant principle.   Using  this  approach,  it  is  possible  to 
impute  a  value  to  the  off-site  facility  based  on  the  ser- 
vices it  is  perforrriing  which  otherwise  would  have  been 
required  to  be  installed  on-site.   If  the  central  facility 
is  part  of  the  natural  system,  say  a  swamp,  flood  plain, 
river,  lake,  or  the  atmosphere,  then  a  value  of  the  natural 
system  to  these  three  areas  is  $2180  in  this  example. 
Thus,  we  have  been  able  to  derive  a  way  of  placing  a  value 
of  the  natural  system  ba^eu  on  che  vital  function  it  is 
providing  for  man!   Interestingly,  it  is  related  to  the 
notion  of  consumer  surplus  in  economic  theory. 

This  ability  to  place  a  value  on  the  natural  system 
is  of  vital  importance  in  resource  management.   Tradition- 
ally, we  have  attempted  to  justify  open  space  retention 
based  on  its  recreation  and  esihetic  values.   This  has  not 
provided  convincing  justification  for  preserving  many  of 
these  areas.   Using  this  technique  one  can  prove,  from  a 
functional  basis,  that  these  areas  are  pr-oviding  orher 
valuable  services  for  man. 


Implementation  Problems 


Unfortunately,  the  problem  is  not  yet  solved. 
What  happens  if  we  attempt  to  implement  the  solution  that 
charges  only  the  actual  cost  but  retains  the  optimal  solu- 
tion?  If  we  do  so,  then  areas  !  and  3  will  probably  object 


since  are  a  2  derives  most  of  the  savings.   To  avoid  this 
possibility,  one  might  charge  the  narket  price,  c  +  t-  +  tt 
If  this  is  done,  then  t ,^ e  c o n s u rr: e r  surplus  is  as  shown 
below: 


Area 

1 

2 

3 

Net  Revenue  to 
"Off -Site   Facility' 


Consumer    Surplus    if 
( c    +    t  i    +    TT ) is    Charged 

2(100)    =    $    200 

0(270)    =  0 

6(    50)    -         300 

4(420)    =    _I680 
S  2  1  3  O" 


This  solution  has  at  least  two  problems:   (1)  what  to  do 
with  the  net  revenue,  and  (2)  the  fact  that  any  positive 
incentive  to  area  2  to  participate  has  been  eliminated 
since  he  I's  now  indifferent  between  on-site  control  and 
off-site  control. 

The  above  problem  is  amenable  to  attack  using 
N -person  game  theory.  The  concepts  involved  will  be  pre- 
sented in  Chapter  7.  The  efficiency  and  equity  questions 
discussed  above  also  arise  in  urban  wastewater  management 
pr-oblems  involving  several  groups/purposes.  This  is  dis- 
cussed in  tiie  next  section. 


3  .  5  iiu  1  ti  pu  r  pose-Mu  1  t  i  group    Planning 

Traditionally,  cities  have  utilized  a  single-purpose, 
single-grouD  planning  aoproach  in  the  area  of  water  quality 
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management  wherein  each  purpose  'is  accomplished  independent 
ot  the  other  purposes  as  well  as  of  other  cities  within  the 
area.   However,  multipurpose  as  well  as  multigroup  planning 
may  be  more  cost  effective  for  area-wide  waste  treatment 
management.   Some  of  the  concepts  involved  in  multipurpose 
and  multigroup  planning  are  outlined  below. 

Current  technology  for  wastewater  control  is  based 
on  the  concepts  of  two  inputs  and  one  output.   The  isoquants 
for  the  three  purposes  of  area-wide  waste  treatment  manage- 
ment are  illustrated  in  Figure  3-13. 

Traditionally,  dry-weather  quality  control  is  ac- 
complished through  treatment.   This  requires  designing  these 
facilities  so  that  they  can  accommodate  the  infrequently 
occurring  peaks.   Recently  it  has  been  advocated  that  a  com- 
bination of  storage  and  treatment  may  be  more  cost  effective 
(American  Society  of  Civil  Engineers,  1975). 

Wet- weather  quality  control  can  be  accomplished 
either  by  providing  pipes  with  adequate  capacity  to  provide 
required  drainage  or  by  providing  storage  facilities  in 
conjunction  with  smaller  pipes.   Traditionally,  drainage 
is  usually  accomplished  by  installing  pipes  only.   However, 
the  limitation  on  the  amount  of  runoff  that  can  be  dis- 
charged such  as  stated  in  the  previous  chapter  may  require 
a  combination  of  the  two  inputs. 

The  inputs  and  outputs  for  wet- weather  quality  con- 
trol are  similar  to  those  for  dry-wsather  quality  control. 


STORAGE 
(INPUT) 


-LBS   CF   POLLUTANTS   RlMOVED 
(OUTPUT) 


TREATMENT   (INPUT) 
(a)    DRY -WEATHER    QUALITY    CONTROL 


STORAGE 
(INPUT) 


WEATHER   QUANTITY 
(OUTPUT) 


PiPE    SIZE    (INPUT) 
(b)   WET- WEATHER   QUANTITY    CONTROL 


STORAGE 
(INPUT) 


SS  OF    POLLUTA.NT    REMOVED 
(OUTPUT) 


TREATMENT    (INPUT) 
(c)  'WET- WEATHER   QUALITY   CONTROL 


Figure    3-13.       Relationship    Between    Input's    and    Outputs' 
Urban    Wastewater    Man  a  cement 


However,  because  of  the  dynarnic  natur-e  of  stormwater  flow 
and  quality,  a  coinbi  nat  1  on  of  storage  and  treatment  will 
usually  be  more  economical. 

If  planning  for  each  purpose  is  accomplished  sep- 
arately, it  would  involve  treatment  facilities  for  dry- 
weather  treatment,  storage  for  stormwater  quantity  control 
and  storage  and  treatment  for  wet-weather  quality  control. 
5y  combining  stormwater  quantity  and  quality  control, 
storage  required  for  quality  control  can  also  be  utilized 
for  quantity  control,  thereby  reducing  the  storage  require- 
ments for  quantity  control.   Similarly,  by  combining  dry- 
weather  quality  control  and  wat-wea t ho'r'  quality  control, 
fuller  utilization  of  the  dry-weather  treatment  facility 
can  be  accomplished.   Joint  dry-wet  weather  treatment  is 
technically  feasible  as  the  pollutants  are  compatible. 
This  results  in  less  volume  of  flow  and  quantities  of 
pollutants  to  be  handed  by  the  .vet-weather  plant  thereby 
reducing  the  storage  and  treatment  requirements  for  wet- 
weather  quality  control.   Further,  during  dry -weather 
periods,  wet- weather  facilities  could  be  utilized  for  pro- 
viding a  higher  degree  of  treatment  to  dry-weather  flow. 
Thus,  the  objective  in  multipurpose  planning  is  to  take 
advantage  of  the  complementarities  ihat  exist  among  the 
three  purposes. 

Multi group  planning  involves  various  groups  or 
cities  within  the  study  area.   For  example,  in  formulating 
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strategies  for  dry-vj'iatner    quality  control,  each  city  within 
the  planning  area  may  treat  its  wastewater  on-site  or  join 
with  one  or  more  of  the  other  cities  for  the  purpose  of 
joint  treatment.   This  feature  allows  the  cities  to  take 
advantage  of  the  economies  of  scale  in  wastewater  treatment 
and  transportation  and/or  less  restrictive  waste  discharge 
requirements  of  some  locations.   Similar  concepts  could  be 
applied  for  accomplishing  the  other  two  purposes  by  various 
cities. 

Thus,  the  economic  efficiency  objective  in  multipur- 
pose and  multigroup  planning  may  be  viewed  as  reduction  in 
costs  of  control.   This  may  be  viewed  as  the  efficiency 
obj  ect  i  ve . 

Let  F.(X)  =  resource  cost  to  purpose  or  group  j; 

X  =  vector  of  inputs; 

y-  =  BODg  discharge  desired  by  purpose  or 
group  j  ; 

y-  =  BODc  discharge  limit  for  purpose  or 
group  j  ;  and 

g^-j(X,y-)  =  constraint  set  for  purpose  or  group  j 
which  is  comprised  of  i=l,2,....,m 
i  n  e  q  u  a  1  i  t  i  e  s . 

Then,  the  efficiency  problem  for  the  single  purpose  or 
group  case  may  be  stated  as  follows: 


min^:mizG  Z  --    (F.(X);  y  ) 

J  J 

subject  to  g  .  ,.  ( X  , y  .  )  < 

J  J 


^i 


(3.16) 


■A,y.      >  0 
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Using  mul ti obj ec ti ve  solution  technique:,  the  above  problem 
can  be  written  as  a  single  objective  optimization  problem 


minimize  Z  =  F . ( X ) 
J 

subject  to  q--(X,y. 


1  =  1  ,  .  .  .  ,  m 


(3.17) 


x,y.      >0 

For  the  multipurpose  or  multigroup  case,  the  mathematical 
formulation  of  the  efficiency  problem  with  p  purposes  or 
groups  is  as  f ol 1 ows : 

minimize  Z  =  (F^ (X)  ;  y^  )  ,  (F^lX)  ;  y^), 


'(Fp(x)-.  yp) 


su  bj  ect  to  g •  ■  ( X  ,y  . 


X,y.   >  0 
J   - 

which  can  be  rewritten  as  follows: 


minimize  Z  = 


J  = 


F,(X 


i  =  1  ,  .  .  .  ,  m 

J  =  1  ,  .  .  .  ,  p      (3.18 


subject  to  g.j  (X,y.  )£_  0       i  =  l  , 


,m 


J  =  1  ,....,  p      (3.19) 


P        P   _ 

s   y,"  1  2   y. 
1   J 


3 


J-1   "    J 
X,y.  10 
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Thus,  while  the  single  purpose  or'  group  problem 
minimizes  the  cost  associated  with  each  purpose  or  group, 
the  multipurpose  or  group  problem  minimizes  the  overall 
cost . 

In  addition  to  the  minimization  of  overall  costs, 
the  objective  of  each  group  or  purpose  is  the  minimization 
of  the  costs  assigned  to  it.   This  may  be  viewed  as  the 
equity  objective.   A  general  -formulation  of  the  problem 
incorporating  both  efficiency  and  equity  objectives  for  p 
purposes  or  groiips  may  be  stated  as  follows: 

minimize  Z  =  [rAX)\    y,  )  ,  (F„(X);  y^), , 


(FJX);  yj,    (  V   F,(X);   S   y. 


j  =  l 


subject  to  g^-(X,y.)  <_   0    i  =  l,...,m 


J-1 


j  =  l. 


(3.20 


X,y  .   >  0 
J   - 


The  last  term  in  the  objective  function  represents 
the  regional  objective  and  other  terms  are  as  defined  pre- 
viously. Since  the  performance  criteria,  Y,  are  pre  speci- 
fied, the  problem  reduces  to 


minimize  Z  =  FAX),    F„(X), ,F^(X),   z  F,(X) 


subject  to  g.-(X,y.)  <0         i=l,...,m 


J-1  ' 
j  =  l  ,. .  .  ,p         (3.2- 


continued 
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y<   .1  y^ 


p      P  _ 

z   y  ■   ±     T.      V . 
j-1   ^   j=l  ^ 


x,y  • 


0 


Thus,"  the  efficiency  and  equity  problems  may  be  viewed  as 
a  multi objective  problem  involving  p  groups  or  purposes  as 
well  as  the  regional  agency. 

3  .  6     SuiTimar y 


The  discussion  presented  in  this  chapter  shows  that 
urban  wastewater  management  is  a  multiobjective  as  well  as 
mult  i  group  and  multipurpose  problem.   f'lany  strategies  can 
be  formulated  for  solving  such  a  problem.   Each  strategy 
may  have  associated  environmental  and  social  impacts.   If 
it  is  assumed  that  the  control  criteria  reflect  these  im- 
pacts, then  the  least-cost  strategy  may  also  be  viewed  as 
a  cost-effective  solution. 

Environmental  effects  of  an  alternative  include 
impacts  on  hydrology,  biology,  water  quality,  air  quality, 
land  and  resource  use.   Social  tp' pacts  include  changes  in 
economic  activity,  employment  and  dislocation  of  individuals 
b  u  3  i  ■".  e  s  3  e  s  ,  and  public  services  and  esthetics.   Specifica- 
tion of  control  criteria  does  not  usually  include  consider- 
ation of  all  these  -f^actors.   Therefore,  two  alternatives 
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which  meet  the  same  control  criteria  may  have  different 
social  and  environmental  impacts.   Thus,  a  least-cost 
solution  may  not  necessarily  be  a  cost-effective  solution. 
Therefore,  it  becomes  necessary  from  the  point  of  view  of 
cost  effectiveness  to  determine  not  only  the  efficient 
solution  but  also  the  costs  of  other  strategies.   Then  it 
is  possible  to  rank  these  strategies  for  the  purpose  of 
preliminary  screening.   The  remaining  alternatives  can 
then  be  subjected  to  a  detailed  evaluation  through  the 
preparation  of  environmental  impact  statements  in  order 
to  identify  the  cost-effective  solution.   Where  the  re- 
gional solution  involves  joint  utilization  of  facilities 
among  purposes  and/or  groups,  the  question  of  equity  must 
still  be  resolved  in  order  to  ensure  the  implementation  of 
the  selected  solution.   In  succeeding  chapters  of  this 
work, procedures  for  single  purposes  as  well  as  multipurpose 
analysis  will  be  presented.   The  procedures  are  designed 
to  determine  the  resource  costs  associated  with  various 
strategies  and  tradeoffs  between  different  strategies. 
Procedures  for  equitable  financial  arrangements  are  also 
discussed.   Discussion  in  r. h e  next  chapter  deals  with 
strategies  for  domestic  wastewater  management.   In  subse- 
quent chapters,  resources  costs  will  be  expressed  as  annual 
costs . 


CHAPTER  4 
DOMESTIC  WASTEWATER  MANAGEMENT 


4.  1 


Problen  Definition 


Domestic  wastewater  management,  in  the  context 
of  208  planning,  involves  determining  a  cost-effective 
regional  solution  for  treatment  ana  disposal  of  dry- 
weather  sewage  flows  generated  within  a  planning  area 
subject  to  meeting  the  control  criteria  established  by  the 
Basin  Plan.   This  effort  entails  an  evaluation  of  the  re- 
source costs  of  the  least-cost  strategy  as  well  as  other 
regional  wastewater  management  strategies  in  order  for 
the  decision  maker  to  determine  tradeoffs  between  resource 
costs  and  environmental  and  social  values  associated  with 
different  strategies.   Three  important  factors  which  form 
the  basis  for  the  reg i onal i za t i on  of  domestic  wastewater 
management  are:   (1)  the  economies  of  scale  in  wastewater 
treatment  and  transmission;  (2)  less  restrictive  waste 
treatment  requirements  elsewhere;  and/or  (3)  excess 
treatment  capacity  elsewhere.   Thus,  determination  of  the 
resource  costs  associated  with  a  domestic  wastewater  man- 
agement strategy  is  basically  a  treatment  versus  pipeline 
tradeoff  problem. 
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Curing  the  last  decdde  several  mathematical  models 
have  been  for.Tiulated  for-  addressing  regional  \vaste water 
management  problems.   Oeininger  and  Loucks  (1972)  have 
presented  an  excellent  review  of  these  models.   All  of 
these  models  assume  a  number  of  wastewater  sources  and 
possible  treatment  sites.   However,  one  category  of  these 
models  assumes  a  uniform  level  of  treatment  at  all  possible 
locations  and  evaluates  the  tradeoff  between  treatment 
plants  and  pipelines.   The  other  category  is  designed  to 
ma  i  n  ta  i  n  a  minimum  of  dissolved  oxygen  in  the  receiving  water 
and  permits  such  options  as  variable  degree  of  treatment 
at  different  locations,  low  flow  augmentation  and  instream 
aeration.   The  latter  category  takes  advantage  of  the  assim- 
ilative capacity  of  the  receiving  water  body  in  order  to 
reduce  the  cost  of  waste  treatment.   The  objective  in  all 
of  the  above  optimization  models  is  the  determination  of 
the  least-cost  solution  for  the  entire  region.   When  a 
regional  wastewater  management  problem  involves  a  large 
number  of  wastewater  sources  and  treatment  sites,  the  number 
of  pipeline-treatment  combinations  becomes  very    large.   The 
economies  of  scale  in  wastewater  treatment  and  transpor- 
tation add  nonl i n ear i ties  to  the  problems.   Due  to  these 
reasons  many  investigators  have  proposed  special  algorithms 
to  solve  their  particular  problem  and  as  such  these  solu- 
tion techniques  have  not  found  wide-spread  acceptance  and 
u  s  a  G  9  . 
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This  chapter  presents  sinpl.:  optimization  procedures 
that  can  be  utilized  for  formulating  alternative  wastewater 
management  strategies  and  for  evaluating  their  annual  costs. 
This  procedure  is  simple  and  easy  to  use.   It  does  not 
guarantee,  in  general,  that  the  solution  is  the  regional 
optim.um.   However,  it  snould  orovide  a  very    close  approxi- 
mation.  The  level  of  accuracy  is  compatible  with  other 
screening  models  to  be  presented  later. 

4 . 2     Strategies  for  Dry- Weather  Quality  Control 


Domestic  wastewater  management  primarily  involves 

the  removal  of  pollutants  such  as  BODr,  SS,  coliforms, 

etc.   Given  the  total  pollutant  loads  in  the  raw  wastewater 

and  the  waste  load  allocation  or  the  control  criteria,  the 

level  of  waste  treatment  as  well  as  the  size  of  the  required 

treatment  facility  can  be  determined.   The  annual  costs 

for  dry-weather  quality  control  can  then  be  determined 

as  follows: 

Let  0  =  required  design  capacity  of  the  treatment 
facility,  m  g  d  ; 

D  -    average  annual  wastewater  flow,  mgd 
(D  <_   D)  ;  and 

L  =  distance  between  the  source  and  the 
treatment  facility,  miles. 

The  annual  costs  for  dry-weather  quality  control 

-    annual  treatment  costs  +  annual  transmission 
costs . 


The  annua"!  treatment  costs  are  comprised  of  amortized  capi- 
tal costs  plus  operation  and  maintenance  costs. 

Let  TC''^  =  total  treatment  costs,  dollars  per  year, 
associated  with  treatment  level,  'J;; 

CA   =  amortized  capital  costs,  dollars  per  year, 
associated  with  treatment  level,  4j; 

OM'^  =  operation  and  maintenance  costs,  dollars 

per  year,  associated  with  treatment  level, 

'•p  ;    and 


Then  , 


^    -  1  (primary),  2  (secondary),  or  3  (tertiary^ 


jp 


TC^  =  CA'^'  +  OM'^  (4.1 

According  to  the  cost  functions  presented  in  Table  2-5, 


CA 


OM 


1  ,D 

V 

p,  D 


m-p 


q^ 


(4.2) 
(4.3) 


where  1  and  p  are  the  coefficients  and  m  and  q  are  the  ex- 
ponents in  the  cost  functions  for  treatment  level,  -p. 

The  total  annual  cost  of  wastewater  transmission 
(dollars  pe^  year)  as  listed  in  Table  2-5  is 


=  1  1  ,900  D^'^U 


4.4 


Thus,  the  total  treatment  plus  pipeline  cost,  C,  is 


0.  51 


C  =  CA^  +  OM"^  +  1  1  ,900  D^-  ^  'L 


(4.5) 


A  typical  planning  area  usually  involves  many  waste- 
water sources  and  treatment  plant  sites.   Each  source  may 
have  the  option  of  treating  its  wastewater  onsite  or  piping 
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it  to  another  location  for  t  r  e  a  t  ~  9  n  t .   From  a  regional 
standpoint,  it  i;  necessary  to  determine  the  annual  costs 
associated  w  i  c  h  various  regional  strategies. 

Smith  (1971)  suggested  the  break-even  pipe  length 
approach  for  determining  the  economically  feasible  combina- 
tions.  He  considered  two  cases:   (1)  the  economies  of 
scale  in  treatment  due  to  consolidation;  and  (2)  the  use 
of  available  excess  capacity.   Hi?  approach,  which  is 
limited  to  two  sources,  consists  of  determining  the  savings 
in  treatment  costs  due  to  consolidation  and  using  these 
savings  to  determine  the  maximum  distance  the  two  sources 
can  be  apart  in  order  for  the  joint  treatment  to  be 
economically  feasible.   Smith  suggested  the  use  of  break- 
even pipe  length  tables  for  determining  the  economically 
feasible  combinations.   In  the  next  section.  Smith's 
approach  is  generalized  so  that  it  is  applicable  to  various 
cases  that  may  arise  in  area- wide  domestic  waste v.-ater 
management . 


4  .  3     Optimization  Procedure 


Consider  the  case  involving  two  sources,  i  and  j. 
Assume  that  the  two  alternative  domestic  wastewater  manage- 
ment strategies  are:   (1)  each  soij>-ce  treats  its  wastewater 
on-site;  or  (2)  a  joint  treatment  fc.  cility  is  located  at 
source  j . 


Let 


D. 


Hj 


desinn  capacity  of  the  treatnent  facility 
required  to  serve  source  i,  mgd; 

annual  a\'erage  wascewater  flow  originat- 
ing at  source  i,  mgd; 

pipeline  distance  between  source  i  and 
s  0  u  r-  c  e  j  ; 


■^    -    level  cf  treatment  required  for  a  single 
facility, 

(j)  =  level  of  treatment  required  for  a  joint 
faci 1 i  ty  ; 

C|  =  annual  costs  for  treatment  facility  located 
at  source  i,  dollars  per  year; 

CT   =  annual  cost  for  joint  facility  located  at 
source  j,  dollars  per  year; 

CA:  =  amortized  capital  costs  for  treatment 
facility  located  at  source  i;  and 

OMV  =  operation  and  maintenance  costs  for  treat- 
ment facility  located  at  source  i,  dollars 
per  year . 

For  on-site  treatment,  wastewater  transmission  costs  are 
zero.   In  accordance  with  equation  (4.1), 


1 


CA'f  +  OMt  =  1  D 
1      1     ip    ^ 


m^^ 


q., 


iij    1 


(4.6) 


and 


,      ,  ^m ,       q 

d    =    CA"?  +  OM^  =  1  .D.'^  +  p  D.'^ 
J     J     J    $  J     4=  J 


(4.7 


The  annual  costs  associated  with  on-site  control  strategy 
are  Ct  +  C^         The  annual  costs  associated  with  a  joint 
treatment  strategy  are 

ij  ^  ^|)^°i  ^  °j^  ^  ^  P^^^i  ^  °j^   ^  ''''''■^'  °?   L.  .         (4.8: 
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Thus,  pipeline  cost. cannot  exceed  the  savings  from  joint 
treat  iTient,  i.e.. 


savings  -  cV  +  cV  -  C^.  . 
Thus,  the  break -even  pipe  length,  I.*. 


J J Li 


11  ,900  D 


0.5 


(4.9) 


(4.io: 


Given  the  wastewater  loads  and  the  required  level  of  treat- 
ment, the  economic  feasibility  of  joint  treatment  can  be 
determined  by  comparing  the  actual  pipeline  distance  between 
the  two  sources  with  the  maximum  pipeline  distance  that 
these  sources  can  be  apart.   Application  of  equation  (4.10) 
to  various  cases  that  arise  in  area-wide  wastewater  planning 
is  presented  below: 


Case  1 


Case  2 


Case  3 


Pipe  effluent  to  site  j  to  reduce  treatment  level 
at  site  i  from  i  to  'P' 

C"  -  cf 


^^  11 ,900  D.° 

1 


Pipe  wastewater  from  i  to  j .   No  plant  exists  at 
present.   L"^.  can  be  found  from  equation  (4.10). 


Pipe  wastewater  from  i  to  j.  Existing  plant  at 
j  has  excess  capacity.  City  i  pays  incremental 
operation  and  maintenance  costs.   In  this  case, 

C^  -  P.(D,  +  Dj''^  +  P.(D.)'^' 
I  •   - ^       ' J J 


T  J 


11 ,900  D 


0.  5  ; 


OQ 


The  a  ^.  G  V  e  >•  e  s  u  Ir  s  can  be  e  x  t  r  «  p  o  1  a  1  e  d  to  more  than 
two  sites  by  simply  rederinirq  ^he  ij  pair  as  a  single 
source  and  comparing  the  new  s  o  Li  r  c  e  with  another  site  k . 
Note  that  an  ij  pai'~  may  be  infeasiDle  by  itself,  but  be- 
comes feasible  when  combined  with  another  site  k.   This 
procedure  lacks  complete  generality  iri  that  the  partition- 
ing of  the  entire  set  of  sites  into  pairs  is  not  unique. 
The  resulting  combinatorial  problems  make  overall  optimi- 
zation unwieldy.   Fortunately,  the  analyst's  knowledge 
about  the  area  and  engineering  judgement  should  permit  him 
to  derive  a  good  solution  based  on  this  simple  procedure. 
Exact  solutions  can  be  obtained  for  small  n  (e.g.,  n  <  10) 
as  shown  in  the  illustrative  exauiple  to  be  presented  next. 

4. 4     Illustrative  Example 

The  hypothetical  planning  area  shown  in  Figure 
2-2  has  seven  wastewater  sources.   Each  source  may  treat 
its  wastewater  onsite  or  oipe  it  to  another  source  for 
joint  treatment.   Thus,  under  assumed  conditions,  there 
are  seven  possible  treatment  sites.   The  control  criteria 
for  dry -weather  cont>"ol  listed  in  Table  2-9  require  secondary 
treatment  or  level  2  at  all  locations.   The  incentive  for 
regional izat ion  in  this  case  is  the  economies  of  scale. 

Feasible  piping/treatment  cc mo i nations  are  shown 
in  Figure  4 - 1 .  If  it  is  assumed  that  no  source  may  pipe 
its  wastewater  for  treatment  at  an  upstream  location  and 
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that  the  physical  and  topographic  features  do  not  permit 

wastewater  from  sources  1,  2,  and  3  to  be  transmitted  to 

either  source  4  or  5  and  vice  versa,  the  number  of  piping/ 

treatment  combinations  are  reduced  substantially  as  shown 

in  Figure  4-2.   Using  equation  (4.10)  to  determine  the 

number  of  combinations  tnat  are  economically  feasible 

yields  the  following  matrix: 

Source 


To 
From 

1 

2 

3 

4 

5 

6 

7 

1 

Y 

V 

Y 

N 

M 

N 

N 

2 

N 

Y 

Y 

N 

N 

Y 

3 

N 

M 

Y 

N 

N 

Y 

4 

M 

N 

•N 

Y 

N 

Y 

5 

N         N 

N 

N     j     Y 

Y 

N   1 

6 

■    N 

N 

N 

N 

N 

Y 

nI 

7 

N 

N 

N 

U 

N 

N 

N 

Y  =  Yes;  N  -  No 

Also,  sources  1  and  2  can  treat  jointly  with  3  and  the 
following  groups  can  treat  jointly  with  6. 


Size 

2 
3 
4 
5 


Feasible  Upstream  Combinations 


13,  23,  34,  35,  4  5 

T23,    134",  TZ5,    214,  2lT,  345" 


1234,  1235,  1345,  234: 
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The  above  analysis  car;  be  utilized  to  formulate 
alternative  strategies.   The  annual  costs  for  various 
strategies  can  then  be  computed  by  using  the  actual  pipe- 
line distances  between  the  sources  involved.   The  annual 
costs  associated  with  six  different  strategies  including 
the  least-cost  solution  are  listed  in  Table  4-1. 


4.5 


Summary 


This  chapter  has  presented  procedures  for  formulat- 
ing strategies  for  domestic  wastewater  management  and  for 
determining  the  annual  costs  associated  with  these  strate- 
gies.  In  order  to  define  a  cost-effective  solution,  these 
strategies  must  be  evaluated  further.   If  the  strategy 
selected  for  implementation  is  complete  decentralization, 
then  equity  questions  do  not  arise.   In  all  other  cases, 
the  facilities  will  be  shared  between  more  than  one  source 
and  it  is  necessary  to  determine  equitable  cost  sharing 
among  those  sources.   This  aspect  of  the  problem  will  be 
discussed  in  Chapter  7.   Urban  wastewater  treatment  manage- 
ment involves  not  only  management  of  domestic  wastewater 
but  wet-weather  flows  as  well.   Procedures  for  evaluating 
the  strategies  for  wet-weather  control  are  presented  in  the 
next  chapter  . 
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Table    4-1 

Annual    Costs    for    Various    Strategies    for 
Domestic    Wastewater   Management-Hypotheti cal  PI anni ng    Area 


Least  Cost 
Strategy  Description  Solution 

Number  $xlo6/yr 


Each  City  goes  Alone  1 .072 

Each  Polity  goes  Alone  1.045 


3  Polities  1   and  2  go  Together  and 

Polity  3  goes  Alone  1.045 


Polities  2  and  3  go  Together  and 

Polity  1   goes  Alone  1.026 


5  Polities   1   and  3  go  Together  and 

Polity  2  goes  Alone  0.995 


All   Polities  go  Together  0.965 


CHAPTER  5 
STORMWATER  MANAGEMENT 


5.  1 


Problem  Definition 


The  problem  of  stormwater  management  involves  con- 
trol of  relatively  large  flow  rates  during  dynamically 
variable  "v;et-weather  periods  of  short  duration."   Formu- 
lation of  control  strategies  requires  determination  of  the 
quantity  and  quality  of  these  flows  expected  to  be  generated 
within  the  planning  area.   It  also  requires  specification 
of  control  criteria  and  a  knowledge  of  various  control 
devices  for  attaining  that  level  of  control.   In  Chapter 
2,  simulation  models  for  predicting  the  quantity  and  qual- 
ity of  wet-weather  flows  were  discussed.   A  brief  summary 
of  wet- weather  control  devices  and  their  costs  was  also 
presented  in  Chapter  2.   Given  this  information,  it  is 
necessary  to  determine  the  strategies  for  wet-weather 
control  and  the  resource  costs  associated  with  those 
strategies. 

For  domestic  wastewater  management,  the  economies 
of  scale  in  wastewater  treatment  and /or  less  restrictive 
waste  treatment  requirements  at  some  locations  within  a 
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planning  area  provide  incentives  for  regional izat ion  of 
facilities.   These  factors  becoine  less  important  in  wet- 
weather  control  because  of  the  relatively  high  flow  rates 
encountered.   Unless  the  flow  is  transported  in  existing 
creeks  or  drainage  ditches  for  control  at  another  location 
economies  of  scale  in  control  costs  may  not  be  sufficient 
to  offset  the  additional  piping  costs.   Further,  a  wide 
variety  of  on-site  control  options  (structural  and  non- 
structural) and  differing  stormwater  quantity  goals  by 
each  cominunity  make  regi  onal  i  zati  on  of  wet-weather  con- 
trol even  less  attractive.   Thus,  in  general,  wet-weather 
control  must  be  accomplished  individually  by  each  city. 
Within  a  planning  area,  wet-weather  control  may  involve 
quantity  and/or  quality  control.   Therefore,  in  this 
chapter,  procedures  will  be  presented  for  formulating 
alternative  wet-weather  quantity  and  quality  control 
strategies  and  determining  the  annual  costs  associated 
with  these  strategies. 

5 .  2     Strategies  for  Wet-Weather  Quantity  Control 


Urbanization  results  in  an  increase  in  the  rate 
as  well  as  the  volume  of  surface  runoff  as  illustrated  in 
Figure  5-1.   Factors  which  contribute  to  the  increased 
runoff  are  the  paved  surfaces  such  as  rooftops,  parking 
lots,  streets  and  the  use  of  storm  sewers.   The  impact  of 
storm  s e v; e r 5  is  also  illustrated  in  Figure  5 -  1  .   The 
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TIME,    (hrs.) 


TiME,   (hrs.) 


ZO  -^0  50  SO  100 

PERCENTAGE     OF     AkEA     ..VPERVIOUS 


Figure  5-1.   Effect  of  Urbanization  on  Peak  Discharges 
(Leopold,  1968) 


08 


objective  of  wet-v/eather  quantity  control  is  to  reduce  or 
regulate  the  quantity  of  stonnvjater  runoff. 

A  reduction  in  the  quantity  of  stormwater  runoff 
can  be  effected  by  increasing  on-site  detention  capabili- 
ties.  Current  efforts  by  many  cities  consist  chiefly  of 
an  attempt  to  regulate  or  limit  the  rate  of  surface  runoff 
from  urbanized  areas  to  the  rates  which  existed  prior  to 
development.   The  allowable  release  rate  is  usually  based 
on  a  storm  with  a  stated  return  frequency.   In  the  Chicago 
metropolitan  area,  the  allowable  release  rate  is  set  equal 
to  a  three-year  storm  prior  to  development  from  a  water- 
shed with  an  overall  coefficient  of  0.15  (MSDGC,  1970). 
In  the  State  of  Maryland,  the  allowable  release  rate  is 
set  equal  to  the  release  rate  of  a  two-year  storm  prior  to 
development  for  a  watershed  having  an  overall  runoff  co- 
efficient of  0.20  (Montgomery  Soil  Conservation  District, 
1971  ). 

Compliance  with  such  quantity  control  criteria 
requires  construction  of  on-site/off-site  storage  facili- 
ties.  On-site  storage  may  consist  of  parking  lot  and  roof- 
top storage,  surface  or  underground  tanks,  tunnels  and 
infiltration  basins  and  trenches.   Off-site  storage  may 
consist  of  stream  channel  storage  and/or  surface  and  under- 
ground tanks.   The  objective  is  to  meet  the  specified  cri- 
teria at  minimuni  cost.   Where  a  variety  of  on-site  and  off- 
site  contr-ol  alternatives  are    available,  the  problem  becomes 
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one  of  selecting  the  optimal  f?. ix.   In  order  to  accomplish 
this  objective,  it  is  necessary  to  estimate  the  amount  of 
storage  that  must  be  provided  and  to  inventory  the  various 
control  alternatives  and  their  associated  cost.   The  volume 
of  storage  needed  is  dependent  upon  the  allowable  release 
rate.   Simulation  models  such  as  the  SWMM  can  be  utilized 
to  generate  hydrographs  for  developed  and  undeveloped  con- 
ditions.  The  allowable  release  rate  can  be  determined 
based  on  undeveloped  conditions.   Knowing  this,  the  required 
storage  volume  can  be  computed  from  the  hydrograph  of  de- 
veloped conditions. 

Let  V  =  amount  of  storage  required; 
W  =  allowable  release  rate;  and 
RO  =  runoff  rate  under  developed  conditions. 
Then 

V  

V  =  maximum  value  of  ..^"p  (RO-W) 

Instead  of  using  the  simulation  model,  a  less  accurate  but 
more  common  method  of  estimating  the  release  rate  and  the 
runoff  rate  under  developed  conditions  is  to  use  the  rational 
formula 

RO  -  GBIA  (5.1  ) 


where    RO  =  runoff,  cubic  feet  per  second  (cfs); 

I  -  intensity  o^  rainfall,  inches  per  hour 

B  =  runoff  coefficient; 

A  -  area  in  acres;  and 
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G  =  conversion  factor  =  1 


cf  s 


acre-in/hr 


The  rational  nethod  is  relatively  easy  to  use  as  all  of 
the  required  information  with  the  exception  of  the  runoff 
coefficient,  B,  is  readily  available.   The  runoff  coeffi- 
cient is  a  function  of  the  amount  of  impervious  area  and 
can  be  computed  as  follows  (Hydroloqic  Engineering  Center, 
1975): 

100-H^ 


B  =  0.15 


100 


9H 


(5.2) 


where    H  =  percent  of  the  total  area  that  is  impervious 


According  to  Graham  e_t  a_l_.  (1974) 


H  =  91 .32  -  69.34(0.930' 


PD 


(5.3) 


'w  n  e  r  e 


PD  =  population  density  in  the  developed  area  under 
consideration. 


When  a  planning  area  involves  several  cities  need- 
ing wet-weather  quantity  control,  it  is  possible  to  formu- 
late this  problem  as  an  optimization  problem.   This  is 
illustrated  in  the  next  section  by  means  of  the  hypothetical 
planning  area  example. 

5  .  3     Wet -'.'eat  her  Quantity  Control  Optimization 


Consider  the  hypothetical  planning  area  shown  in 
Figure  2-2.   The  wet- weather  quantity  control  criteria 
listed  in  Taclo  2-9  req:jire  t", at  cities  1,  2  and  3  restrict 
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the  amount  of  runoff  generated  under  developed  (1990)  con- 
ditions to  what  is  occurring  at  present  (1975).   The  quan- 
tity control  criterion  is  designed  to  limit  the  flow  dis- 
charged from  the  creek  into  the  main  river  to  what  is 
occurring  at  present.   Data  required  for  determining  the 
volume  required  for  quantity  control  are  presented  in  Table 
5-1.   The  computations  required  for  calculating  the  storage 
volume  for  each  of  the  three  cities  are  presented  in  Table 
5-2.   These  computations  are  based  on  using  the  rational 
method.   The  specified  control  criteria  can  be  met  in  one 
of  two  ways.   Each  city  may  provide  the  required  storage 
volume  independently  by  utilizing  its  on-site  control 
options  or  a  mix  of  on-side  and  off-site  control  options 
may  be  utilized  by  all  three  cities  acting  jointly.   Assume 
that  the  off-site  control  option  consists  of  constructing 
instream  storage  just  above  the  confluence  of  the  creek 
with  the  main  river.   Tnen  each  city  has  the  option  of 
discharging  its  storriiwater  into  the  creek  or  controlling 
it  on-site. 

Let  v.  =  volume  of  storage  r^equired  for  city  i; 

X--  -  volume  controlled  by  the  j    control 
^         option  for'  city  i,  where  j  -    control 
option: 

X,.  .  =  maximum  available  for  control  option  j 
'  ^         i  n.  c  i  ty  i  ; 


^ij 


t  h 
amortized  umt  cost  of  j    control  option 

for  city  i,  annual  dollars  per  acre-feet; 


t.  =  amortized  unit  cost  of  stormwater  trans- 
mission from  city  i  to  control  facility; 
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Table    5-1 

Data    for   Wet-Weather   Quantity    Control  — 
Hypothetical    Planning    Area 


City    1  City    2  City    3 


Developed  Area   (1975-1990),   ac  200.00 

Natural    Runoff  Coefficient,  B^  0.15 

Time  of  Concentration,  ;nin  45.00 

Intensity  of  Rainfall,    in/hr,    I  3.00 

Allowable  Release  Rate,^  W,   ft'^/sec  90.00 

Population    (1975-199Q)  1000.00 

Population   Density  in   Developed  5.00 
Area,     PD,  persons/ac 

Percent  Imperviousness  in  42.85 
Developed  Area,*^  H 

Runoff  Coefficient  in  0.47 
Developed  Area,^  B., 


160.00 

600.00 

0.15 

0.15 

45.00 

45.00 

3.00 

3.00 

72.00 

270.00 

1000.00 

6000.00 

6.70 

10.00 

48.40 

57.43 

0.51 

0.58 

From  equation    (5.1  ) , 
From  equation    (5.3) 


From  equation   (5.2) 
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O  O  CO 


O  CO    ^  CD  CD 


o       o       o 
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Q-    =    vciume  of  flow  from  city  i  to  central  facility; 

V  =  maximum  amount  of  storage  available  at  off- 
site  location  (instream  stOr-age);  and 

c  =  amortized  unit  cost  of  off-site  storage  at 
central  control. 


The  optimization  problem,  in  linear  programming 
form/  shown  in  Figure  5-2,  is  stated  mathematically  as 
f  c 1  lows: 


m  1  m  nn  z  e 


subject  to 


3   4 
i=l  j=l 


E   Z  c.  .X.  .  +  Z  t.Q.  +  cV 


3 

Z 
i  =  2 


Z  X.  +  Q.  =^  V 
j=l  '^  1    ' 


^i 


(5.4) 


i  =  l 


Q.- 


<  V 


X  •  .  <  X  .  . 


^i  ,j 


X.  .  >  0 
ij  - 


^i ,  J 


Qi  lO 


V-i 


The  cost  of  decentralization  strategy,  i.e.,  on-site 

c  0  n  t  r  0 1  ,  i  s 

Z-]  =  annual  cost  of  cn-site  control  to  study 

area  1  -  $39,000  per-  year ; 

Zp    =  annual  cost  of  on-site  control  to  study 

area  2  =  S20,C00  per  year;  and 

Z,  =    annual  cost  of  on-site  control  to  study 

aree  3  =  $189,000  per  year. 
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V,  =  12.53  AF 


V,.-:  52.90  AF  ^>y^ 


^X,3=.AF 

CIT 

\X„=IAF 

0.2=3,200 

J  C|,=  1,600 

t,  =  t2=t,=   0 


C  =$1,500 


V^SOAF 


Figure  5-2.   Network  Representation  of  Wet -Weather  Quantity 
Control  Problem  —  Hypothetical  Planning  Area 


and 
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Z  =  Z,  +  Zo  +  Z,  =  $248,000  cer  year. 
1     2     3  .J 


The  above  problem  can  ba  solved  by  linear  pr'ogramming  tech- 
niques.  In  this  case,  various  strategies  are  on-site  con- 
trol or  a  mix  of  on-site  controls  in  conjunction  with  off- 
site  control.   By  setting  Q.  ~-    0  the  annual  costs  of  on-site 
control  are  obtained.   By  assuming  different  values  of  V, 
annual  costs  associated  with  a  mix  of  on-site  and  off-site 
controls  associated  with  that  strategy  are  determined 
(see  Table  5-3)  . 


5 .  4     Strategies  for  VJet-Weather  Quality  Control 

Because  of  the  i ntermi ttency  and  extreme  variability 
of  wet-weather  flow  and  its  associated  pollutants,  both  in 
time  and  space,  there  is  no  analogous  "average"  design 
condition  for  storm water  quality  control  as  compared  to 
dry-weather  quality  control.   Therefore,  if  wet-weather 
quality  control  is  accomplished  through  treatment  alone, 
the  device  must  be  capable  of  handling  peak  flows.   Depend- 
ing upon  the  design  conditions,  these  peaks  occur  infre- 
quently and  therefore  the  full  capacity  of  the  treatment 
facility  is  seldom  utilized.   If,  on  the  other. hand,  the 
treatment  facility  is  designed  for  more  frequently  occur- 
ring storms,  the  design  capacity  is  exceeded,  of  ten  result- 
ing in  the  discharge  of  untreated  flows.   In  general,  some 
combination  of  storage  and  treatment  would  be  more 


Tabl e  5-3 

Annual  Costs  for  Wet-Weather  Quantity  Control 
Hypothetical  Plan ni no  Area 


Strategy 


Description 


Total   Annual   Cost 
$   X  IQ-^/yr 


On-site  Control   only 

On-site  Control   with  10  ac-ft 
of  Off-site  Control 

On-site  Control   with  20  ac-ft 
of  Off-site  Control 

On-site  Control   with   30  ac-ft 
of  Off-site  Control 

On-site  Control   with  40  ac-ft 
of  Off-site  Control 

On-site  Control    with  50  ac-ft 
of  Off-site  Control 


248 
213 
178 
143 
118 
105 
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cost  effective  for  wet-weather  quality  control  as  illustra- 
ted in  Figure  5-3.   Storage  results  in  flow  equalization 
and  consequently  a  smaller  treatment  capacity  is  required. 
The  concept  is  further  illustrated  in  Figure  5-4,  which 
shows  how  storage  costs  decrease  as  the  treatment  rate  is 
increased.   The  optimal  combination  of  storage  and  treat- 
ment is  indicated  where  total  costs  are    minimum. 

In  general,  there  are  three  ways  of  specifying  wet- 
weather  quality  control  criteria.   These  are    (1)  number  of 
overflows  per  year,  (2)  percent  annual  runoff  control,  and 
(3)  percent  annual  pollutant  control.   Heaney  and  Huber  e_t 
al  .  (1975)  show  that  by  defining  the  interevent  time  in  an 
appropriate  manner,  the  number  of  overflow  events  per  year 
can  be  converted  into  the  percent  annual  runoff  control. 
Therefore,  given  the  wet-weather  control  criteria  in  terms 
of  percent  annual  runoff  or  pollutant  control,  the  ob- 
jective in  wet- weather  quality  control  is  to  formulate 
various  storage-treatment  strategies  and  to  determine  the 
costs  associated  with  these  strategies. 

Various  storage-treatment  strategies  for  wet- weather 
quality  control  can  be  formulated  by  using  the  simulation 
model  STORil  (Hydrologic  Engineer  Center,  1975).   The  system 
as  simulated  by  STORM  is  shown  in  Figure  5-5.   For  each 
stor' age-treatment  combination,  STORii  gives  a  value  of  annual 
percent  runoff  controlled  based  on  hourly  simulation.   By 
making  several  simulation  runs  at  different  storage-treatment 
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Figure  5-3.   Storage  Versus  Treatment  for  Wet-Weather 
Quality  Control  (Field  and  Lager,  1974) 
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Figure    5-4.      Optimal    Storage- i reacment    for   Wet-Weather 
Qual i  ty    Control 
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combinations,  respective  values  fcr  the  annual  oercent 
runoff  controlled  can  be  determined.   The  results  can 
then  be  utilized  to  generate  s torage- treatment  isoquants 
for  various  levels  of  annual  runoff  control.   Murphy 
(1975)  derived  such  isoquants  for  five  cities,  i.e.,  San 
Francisco,  Denver,    Minneapolis,  Atlanta,  and  Washington, 
D.C.   These  cities  were  chosen  to  represent  various  regions 
of  the  United  States  as  shown  in  Figure  5-6.   The  storage- 
treatment  isoquants  for  Atlanta  are  shown  in  Figure  5-7. 
Given  the  isoquants  and  the  desired  level  of  annual  runoff 
to  be  controlled,  any  point  on  the  isoquant  represents  a 
storage-treatment  strategy  for  that  level  of  control.   The 
cost  functions  presented  in  TabVe  2-8  can  then  be  used  to 
determine  the  cost  associated  with  various  storage- treatment 
strategies.   Further,  the  optimal  or  least-cost  storage- 
treatment  strategy  can  also  be  determined  graphically  by 
using  the  iso-cost  approach  (Murphy,  1975). 

The  graphical  approach  for  determining  the  least- 
cost  strategy  is  relatively  easy  to  use  then  the  storage 
and  treatment  costs  are  linear.   However,  when  they  are 
nonlinear  or  where  the  results  from  a  test  city  within  a 
region  are  to  be  extrapolated  for  approximating  the  cost  of 
stormwater  quality  control  for  other  urbanized  areas  within 
a  region,  analytical  approach  is  more  useful.   The  total 
cost  of  stormwater  quality  control  may  be  represented  by 
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Figure    5-7.       Storage-Treatment    Isoquants    for    Various 

Runoff  Control  Levels  —  Region  IV:   Atlanta 
(Murphy,  19^5) 


Z  =  Co  (  S  )  +  c_  (' 


(5.5) 


The  relationship  between  storage,  treatment  and  the  percent 
annual  runoff  control  nay  be  represented  by 


g(R;S,T)  =    0 


5.5) 


where   Z 


C3(S) 


total  cost  of  stormwater  quality  control 

storage  costs  ; 

treatmen  t  costs  ; 

storage  vol ume  ; 

treatmentrate;  and 

per- cent  runoff  control. 


In  accordance  with  the  information   presented  in 
Table  2-8,  equation  (5.5)  may  be  written  as 


where   T 
S 


w^  T^T  +  W2  S^2 


-    treatment  rate,  inches  per  hour; 
=  storage  volume,  inches; 


(5.7) 


W-,  &  w„  =  cost  efficients  for  treatment  and  storage 
respectively,  dollars;  and 

Z-,  and  Zjj  =  exponents. 

The  storage  treatment  isoquants  shown  in  Figure  5-7  are 
of  the  form 


T  -  T^  +  (T^-T^  )e 


■KS 


(5.8) 
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where   T 
T 


-    wet-v;eather  treatment:  rate,  inches  per  hour; 

=  treatment  rate  at  which  an  isoquant  becomes 
asymptotic  to  the  ordinate,  inches  per  hour; 

=  treatment  rate  at  which  isoquant  intei^sects 
the  abcissa,  inches  per  hour; 

=  storage  volume  inches;  and 

=  constant ,  i  nch~  . 


The  value  of  T^  occurs  at  a  relatively  high  storage  capacity 
in  combination  with  a  low  treatment  rate  such  that  the 
treatment  plant  operates  continuously.   T-,  can  be  found  as 
fol 1 ows  : 


T 


AR  (    R 
1  '  8760  MOO 


=  aR 


5.9 


where   AR   =  annual  runoff,  inches  per  year;  and 
R    =  percent  runoff  control  . 

By  relating  the  parameters  T, ,  !„  -  T, ,  and  K  to  the  level 
of  runoff  control  R,  equation  (5.5)  was  fitted  to  the 
isoquants  derived  for  all  five  cities.   The  T„  -  T-,  and  K 
terms  versus  R  were  found  to  be  of  the  following  general 
form: 


T2  -  T^  =  be 


hR 


5.10 


K   ^  de-^R 
where    b,  h,  d  and  f  are  the  constants 


(5.11) 
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Based  on  this  analysis  the  following  eq'jation  for  the  iso- 
quants  i  s  obta  i  ned . 


T  =  aR  +  be 


hR  -  (de~'^^)S 


5.12) 


The  value  of  the  pararrters  a,  b,  h,  d  and  f  for  various 
cities  are  presented  in  Table  5-4  for  storage-treatment 
isoquants  for  percent  runoff  control.   The  correlation  co- 
efficients  are  also  shown  in  this  table.   In  general   the 
fit  is  excellent. 


Adjusting  Isoquants  for  Treatment  Efficiencies  and  First 
Flush  Effects 


The  above  isoquants  equation  (5.12)  characterizes 
the  percentage  of  total  runoff  that  passes  through  "treat- 
ment."  If  the  concentration  of  pollutants  is  constant  and 
"treatment"  efficiency,  n,  is  1.0  then  percent  runoff  control 
is  synonymous  with  percent  pollutant  control.   Obviously, 
this  is  not  the  case.   Thus,  these  results  need  to  be  re- 
fine d  t  o  a  c  c  c  u  n  t  f  o  r 


1 )  treatment  efficiency;  and 

2)  variable  concentration  due  to  first  flush 
effects  . 


Adjustment  for  Treatment  Efficiency 

Recall  that  R  is  the  percent  runoff  control.   Let 
n  equal  treatment  plant  e-^ficiency.   If  Ri  denotes  the 
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Q   O   r- 


c—        o   c   o) 


pei-cent  pollutant  control,  then  to  realize  R-.  ,  one  needs 
to  process  R./r^  of  the  runoif.  Note  that  R-,  may  be  per- 
cent BOD  removal,  percent  SS  removal,  etc.  In  Table  2-4 
representative  treatment  efficiencies,  in  terms  of  BODp; 
removal,  were  derived  for  primary  and  secondary  devices. 
These. values  ar-e  listed  below. 


Treatment  Devices 


Assumed  Efficiency,  n 

(BOD^  Removal  ) 
b 


Primary 
Secondary 


0.40 
0.85 


Thus,  if  one  desires  25  percent  BOD^.  removal  with  a  pri- 
mary device,  then  62.5  percent  of  the  runoff  volume  must 
be  processed  whereas  only  29.4  percent  of  the  runoff  needs 
to  be  processed  if  a  secondary  device  is  selected.   Thus, 
to  convert  percent  runoff  control  isoquants  to  percent  pol- 
lutant control  isoquants,  one  simply  uses 


R  =  Rl/n 


5.13 


Adjustment  for  First  Flush 


STORM  estimates  the  oercent  pollutant  control  as 
well  as  percent  runoff  control   This  model  has  a  first  flush 
assumption  built  into  it.   Thus,  one  can  estimate  the  ef- 
fects of  the  first  flush  assumption  by  generating  the  percent 
pollutant  control  isoquants  directly  from  STORM.   This  has 
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been  done  for  percent  BOD  control  fc^  all  five  cities  (Malec, 
1975).   The  results  for  Atlanta  are  shown  in  Figure  5-8. 
A  comparison  of  a  storage- treatment  isoquant  for  percent 
BOD  control  with  and  without  first  flush  is  presented  in 
Figure  5-9  for  the  City  of  Atlanta.   It  should  be  pointed 
out  that  for  low  levels  of  runoff  and  BOD  control,  the  dif- 
ference is  not  as  significant  as  at  higher  levels  of  control. 

Equation  (5.12)  was  also  fitted  to  the  storage- 
treatment  isoquants  for  percent  BOD  control  for  all  five 
cities.   The  resulting  parameters  and  correlation  coefficients 
are  shown  in  Table  5-5.   The  fit  is  excellent.   Thus,  one 
uses  the  parameter  shown  in  Table  5-5  in  conjunction  with 
equation  (5.12)  instead  of  those  shown  in  Table  5-4  to 
account  for  first  flush.   Mote  that  the  parameters  shown 
in  Table  5-5  are  based  on  a  treatment  efficiency,  n ,  of  1.0. 
To  adjust  for  the  actual  treatment  efficiency,  again  one 
uses  equation  (5.13).   In  this  case  R  represents  the  pol- 
lutant control  at  100%  efficiency. 


As  justing  Isoquants  for  Other  Urbanized  Areas  Within  a 
Regi  on 


Within  a  region,  climatological  and  many  other  fac- 
tors needed  to  generate  storage-treatment  isoquants  are 
quite  similar.   Therefore,  given  the  isoquants  for  a  test 
city  within  a  region,  tne  corresponding  isoquants  for  other 
cities  within  that  region  may  be  approximated  as  follows: 
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T  r.-n/nr 


T.  in/hr 


Figure  5-S.  S torage-TreatiTie'it  isoquant.s  ^or  Various  BOD 
Control  Lc ve^ s — kegi on  IV;  Atlanta  (MaTecj 
]  9  7  5  ) 
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gure    5-9.       Comparison    of    a    Storage-Treatment    Isoquant   with 
and    without    First    Flush  —  Region    IV:      Atlanta 
(Malec,    1975) 
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let     AR 


AR. 
J 


annual  runo"ff  in  city  i;  and 

annual  runoff  in  test  city  j  (San  Francisco, 
9.88  inches;  Denver,  5.9  inches;  Minneapolis, 
10.99  inches;  Atlanta,  16.93  inches,  and 
Washington,  D.C.,  18.50  inches  (Murphy, 
1975))  . 


Then 


^ij 


'a 


=  AR 


i/S.76  X  103 
AR. 


(5.14) 


5.15 


'u 


=   h 


5.16) 


1  J 


AR. 


K^'^ 


(5.17) 


f  .  . 
1  J 


=  f 


(5.18) 


v;here  a .  .  ,  b..,  h.,.  ,  d..  and  f..  are  parameters  for  city  i 
"ij    iJ    Tj    ^J      TJ 

in  region  j  and  b.,  h^,  d.  and  f.  are  the  parameters  for 
J    o    J      J 

test  city    in  region  j. 

Thus,  if  one  knows  the  annual  runoff  in  the  city  under 
consideration,  one  can  approximate  the  storage-treatment 
isoquant  for  any  desired  level  of  control  with  or  without 
first  flush.   Given  the  control  criteria,  one  can  also 
formulate  alternative  storage-treatment  strategies.   The 
cost  associated  with  a  control  strategy  can  then  be 
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determined  fron  equation  (5.7)  b^^  using  appropriate  values 
of  w-,,  Wp,  z-,  and  Zp.   Tfie  optimiza:ior  p'-ocedure  for  deter- 
mining the  least-cost  strategy  is  presented  in  the  next 
section. 


5  .  5     Wet-Weather  Qu ality  Control  Optimization 

The  wet-weather  quality  control  ootimization  problem 
may  be  stated  as  follows: 


minimize    Z 
subject  to 


W-,  T 


^1  +  WoS  2 


T    ^  T^  +  (T2-T^)e 


T,S  >  0 


■KS 


(5.19) 

(5.20) 
(5.21) 


where  all  terms  are  defined  earlier. 

For  the  special  case,  when  storage  and  treatment 
costs  are  linear,  i.e.,  z-,  and  z^    -    1,  and  letting  w,  =  c^ 
and  Wp  =  Cj-  gives 

c. 


nd 


'lln  llrKdj-T,)] 


S*  =  max  s 


(5.22 


^  0 


+(1^-1^)6 


-kS" 


5.23 
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The  optimal  value  of  the  objective  function  is 


Z*  =  c^S*  +  c^T 


(5.24) 


The  oDtimization  procedure  presented  above  can  be  utilizied 
to  generate  curves  showing  percent  pollutant  control  versus 
annual  costs  for  various  wet-weather  treatment  devices  listed 
in  Table  2-7.   The  curves  for  percent  BOD  control  for  Atlanta 
for  primary  as  well  as  secondary  devices,  assuming  first 
flush  and  that  the  representative  costs  for  treatment  de- 
vices are  li  neai^,  are  shown  in  Figure  5-10.   These  cur'ves 
are  based  on  the  following  costs: 


T,,^0.16PD  ,    ,,  .      ^ 

l-i^e       dollars  per  acre-inch 


$251  0/ acre-inch  per  hour  for  a  primary  device 


when 


"T 

PD 


$9800/ acre-inch  per   hour  for  a   secondary  device 

average  population  density  within  the  entire 
urban  area  (4.213  person/acre  for  Atlanta). 


Frora  this  curve,  the  least-cost  for  accomplishing  any  level 
of  BOD  control  can  be  easily  determined.   Similar  curves  can 
be  generated  for  percent  runoff  control.   Note  that  for  wet- 
weather  quality  control,  significant  diseconomies  of  scale 
exist  because  of  the  disproportionately  large  sized  control 
units  needed  to  capture  the  less  frequent  large  runoff 
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volumes.   The  cuy^ves  shewn  in  Figure  5-10  can  be  approxi- 
mated by    the  function  of  the  form 


R 


Z    =  r,  e 


(5.25) 


where   Z    =  total  least  annual  cost  for  pollutant  control 
R,,  dollars  per  acr-e; 

r,,r-  =  parameters; 
R,    =  percent  pollutant  control,  0  £  R-,  £  R-,  ;  and 


R,    =  maximum  percent  pollutant  removed 


Fitting  equation  (5.25)  to  the  curves  presented  in  Figure 
5-10  results  in  the  following  equations: 


0.088R- 


For  primary  device,   Z  =  4.429e       ' 


5.26 


.039R- 


For  secondary  device,   Z  =  7.656e"     ^ 


5.27) 


The  correlation  coefficient  associated  with  equation  (5.26) 
is  1.0  while  for  equation  (5.27),  the  correlation  coefficient 
is  0.999.   Equations  (5.26)  and  (5.27)  yield  the  annual 
cost  for  percent  BOD  control  R-,  in  dollars  oer  acre  for 
Atlanta.   It  snculd  be  noted  that  the  above  equations  are 
based  on  several  assumptions,  most  important  of  which  are 
( 1  )  constant  e f  f  i  c  i  e r! c y  of  treatment  device  irrespective 
of  flow,  (2)  no  treatment  occurs  in  storage,  (3)  storage 
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and  treatment  costs  dre    linear  and  as  presented  above;  and 
(4)  the  first  flush  assumption  built  into  the  STORM  model. 

The  analysis  presented  above  can  be  illustrated 
by  applying  it  to  the  liypothet  i  cal  planning  area.   According 
to  the  control  criteria  listed  in  Table  2-9,  city  5  is  re- 
quired   to  make  provisions  for  30  percent  BOD  control  from 
wet-weather  flows.   The  design  data  for  city  6  are  presented 
in  Table  5-6.    Since  the  hypothetical  planning  area  is 
located  in  the  southeastern  part  of  the  United  States,  it 
falls  in  region  IV.   The  values  of  various  parameters  for 
the  isoquant  equations,  using  Atlanta  as  the  test  city, 
assuming  first  flush  (Table  5-5),  and  applying  equations 
(5.14)  through  (5.18)  are  as  foll'ows: 


=  0.0000252  in-hr'""  (^^R)""" 


b     =  0.004246   in-hr'^ 

h     =  0.044997   (^.'.R)"''; 

d     =133.8519    in"\  and 


0.0323855  {%R) 


The  following  values  of  c^  and  c-p  are  used 


c   =  i22e^-'^'"  -  i22e  -^^     ■  =  5460/acre- i nch ;  and 
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Table  5-5 


Design  Da'yc    for  Wet-Weathe.-  Quality  Control 
Hypothetical  Planning  Area 


City  6 


Total  Area  (acres) 

Developed  Area  (acres) 

Population 

Average  Population  Density 
( persons/ac) 

Annual  Precipitation  (in) 

Annual  Runoff  (in) 

Annual    BOD^    -    =i/year-ac 


total  area 


15, 

000 

13, 

000 

125, 

000 

S 

.33 

44 

.0 

22 

.  1 

100 

Computed  from  equation  (2.3)  and  assuming  approximately 
50%  of  the  area  on  combined  sewers. 
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c      -    $9800  per  acre-in/hr   for    a    secondary    device 


Also  for  a  secondary  device. 


n  =  0.85, 


therefore  from  equation  (5.13 


R. 


30 


R  =  -fr  =  0~85  "  ^''^•■^  percent 


Substituting  the  above  value  ot  R  in  equation  (5.12)  yields 
the  following  isoquant  equation  for  city  6: 


T  =  35.3a  +  be 


^  ,  h(35.3)  -  (de"^^-^^--^^)S 
+  be 


(5.28) 


Values  of  a,  b,  h,  d  and  f  have  already  been  estimated. 

The  above  equation  (5.28)  can  therefore  be  utilized  to  de- 
termine the  treatment  rate  associated  with  the  assumed  or 

available  storage  volumes  for  accomplishing  30  percent  30 D 

control.  The  optimal  combination  of  storage  volume  and 

treatment  rate  can  be  computed  from  equations  (5.22)  and 

(5.23)  to  yield 

S*=0.G69inches;  and 


T'^  =  0.002   in/hr 
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Therefore,  the  annual  cost  of  accoinDl''shing  3  0%  BOD  control 
is  $51.00  per  acre  using  the  least-cost  strategy.   Further, 
the  equation  for  optimal  cost  for  various  levels  of  wet- 
weather  control  is  as  follows: 

Z  =  15, 8e*     ^   using  a  secondary  device.  (5.29) 

5 . 6     Summary 


This  chapter  has  presented  procedures  for  formulat- 
ing strategies  for  wet-weather  quantity  and  quality  control 
and  for  determining  the  annual  costs  associated  with  these 
strategies.   The  analysis  of  wet-weather  quantity  and  quality 
control  problems  may  also  involving  piping-treatment/storage 
tradeoffs.   The  procedures  presented  in  this  chapter  did  not 
specifically  address  such  problems.   However,  the  analysis 
would  be  similar  to  that  presented  in  Chapter  4.   Therefore 
procedures  presented  in  Chapter  4  in  conjunction  with  those 
presented  in  this  chapter  could  be  utilized  for  conducting 
such  an  analysis. 

The  previous  chapter  as  well  as  this  chapter  assumed 
that  each  purpose  was  to  be  accomplished  independently.   The 
next  chapter  presents  procedures  for  formulation  multipur- 
pose wastewater  management  strategies. 


CHAPTER  6 
MULTIPURPOSE  WASTEWATER  MANAGEMENT 


6.  1 


Problem  Definition 


The  primary  objective  in  multipurpose  wastewater 
management  is  to  utilize  facilities  designed  for  a  single 
purpose  towards  accomplishing  other  purposes.   When  such 
a  possibility  exists,  either  the  annual  costs  associated 
with  accomplishing  other  purpose(s)  can  be  reduced  or  a 
higher  level  of  control  can  be  achieved  for  the  fixed 
annual  costs  thereby  yielding  a  more  cost-effective  strategy 
The  control  of  domestic  wastewater  has  received  priority 
in  the  past  and  is  again  emphasized  in  the  guidelines  for 
area- wide  waste  treatment  and  management.   Thus,  treatment 
facilities  must  be  provided  for  dry -weather  quality  con- 
trol.  A  similar  situation  usually  exists  for  wet-weather 
quantity  cor,  crol  as  flooding  problems  require  regulation 
of  the  wet-weather  quantity  usually  in  the  form  of  on-site 
or  off-site  storage.   The  discussion  presented  in  the  pre- 
vious chapter  shows  c!iat  optimal  wet-weather  quality  con- 
trol requires  a  coi.ibinatiori  of  storage  anci/or  treatment. 
Therefore,  if  the  (,iry-weat her  treatment  facilities  are 
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capable  of  handling  a  portion  of  wet-weather  flows,  the 
volume  and  pollutant  loadings  to  he  handled  by  the  wet- 
weather  quality  control  devices  can  be  reduced  by  this 
amount.   This,  in  turn,  i^educes  the  storage  and/or  treat- 
ment required  for  wet-weather  quality  control.   Similarly, 
if  one  utilizes  the  storage  required  for  wet-weather  quantity 
control  to  accomplish  the  wet- weather  quality  control  as  well, 
the  storage  requirements  for  wet-weather  quality  control 
are  reduced.   In  this  instance,  annual  costs  for  dry-weather 
quality  control,  and  wet-weather  quantity  control  remain  the 
same  as  for  single  purposes.   However,  the  annual  costs 
associated  with  wet-weather  quality  control  are  reduced 
from  what  these  would  be  if  thispurpose  was  accomplished 
separa tel y . 

Other  incentives  for  multipurpose  wastewater  manage- 
ment exist.   Among  these  are  the  possibility  of  utilizing 
wet-weather  quality  control  devices,  during  dry-weather, 
for  providing  a  higher  level  of  domestic  wastewater  treat- 
ment or  a  reduction  in  the  level  of  treatment  required  for 
dry-weather  quality  control  by  removing  an  equivalent  amount 
of  pollutants  from  wet- weather  flows. 

In  this  chapter,  various  strategies  for  multipurpose 
wastewater  management  are  presented.   Optimization  procedures 
for  evaluating  the  annual  costs  associated  with  various 
strategies  are  outlined.  The  application  of  these  procedures 
is  i''lustrated  by  the  hypothetical  planning  area  example. 
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Strategies  for  ^!^  1  t  ^"  purposo  Westewater  Management 


Several  strategies  -or  acconiplishing  the  three  pur- 
poses of  urban  water  mandgement  can  be  formulated.   One 
such  strategy  is  to  accomplish  each  purpose  independently. 
The  annual  costs  associated  with  this  strategy  can  be 
evaluated  in  accordance  with  the  procedures  discussed  in 
Chapters  4  and  5.   Another  strategy  is  to  accomplish  all 
three  purposes  in  a  joint  manner  by  utilizing  all  the 
facilities  to  their  maximum.   Other  alternative  strategies 
are  comprised  of  various  combinations  of  single  purpose 
and  multipurpose  strategies  whereby  one  purpose  is  accom- 
plished independently  while  the  remaining  two  purposes  are 
accomplished  jointly.   Another  strategy  that  should  be 
investigated,  especially  where  waste  load  allocation  re- 
quires an  advanced  level  of  treatment  for  dry -weather  treat- 
ment, is  the  feasibility  of  a  lower  level  of  dry-weather 
treatment  in  conjunction  with  wet-weather  quality  control. 

Traditionally,  dry-weather  treatment  facilities 
are  designed  to  handle  only  domestic  wastewater  with  little 
or  no  provision   for  treating  stormwater.   During  the  last 
few  years,  under  the  sponsorship  of  the  Environmental  Pro- 
tection Agency,  intensive  studies  have  been  conducted  to 
develop  treatment  devices  capable  of  operating  efficiently 
under  high  flow  conditions.   As  a  result,  several  demonstra- 
tion facilities  have  been  constructed  for  the  sole  purpose 
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of  treating  combined  sewer  overflows.   Many  of  the  unit 
processes,  successfully  demonstrated,  are  similar  to  those 
ccmrncniy  utilized  in  dry-weather  treatment.   From  the 
results  of  these  demonstration  facilities,  it  appears 
technically  feasible  to  design  dry-weather  treatment  units 
to  handle  larger  ^'low  rates  during  wet  weather.   Research 
was  therefore  undertaken  to  investigate  this  possibility. 
The  following  discussion  reviews  various  dry -weather  treat- 
ment units  and  ill  us- rates  how  these  units  could  be  modified 
to  handle  wet-weather  flows  in  light  of  the  data  available 
from  demonstration  facilities. 

Preliminary  Treatment 


Preliminary  treatment  of  dry-weather  flows  involves 
removal  of  coarse  solids  and  grit  from  wastewater  in  order 
to  protect  the  wastewater  treatment  equipment.   The  treat- 
ment is  provided  by  installing  bar  racks  and  grit  tanks  in 
series. 

In  most  dry-weather  installations,  mechanically 
cleaned  bar  racks  are  utilized  with  provisions  for  bypassing 
in  case  of  emergency.   For  this  purpose,  one  or  more  bypass 
channels  with  manual  screens  are  installed  to  f ac i 1 i tare 
operation  when  the  mechanical  screen  is  inoperative.   Both 
the  mechanical  screen  as  well  as  manual  screens  are  designed 
to  handle  peak  dry-weather  flow,  of  the  order  cf  two  to 
five  times  the  averane  dry -weather  flow.   Bar  screens  are 
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also  required  for  treating  vvet-weather  flows.   If  both 
tne  mechanical  screen  and  the  manual  screen  at  the  dry- 
weathar  facility  are  utilized,  the  same  installation  can 
approximately  handle  twice  the  design  peak  flow  with  one 
bypass  channel  and  three  times  the  design  peak  with  two 
bypass  channels.   Manual  screens  are  relatively  inexpensive 

The  grit  tank  is  a  device  for  controll-ing  the 
velocity  of  flov/  in  order  for  the  heavy  particles  in 
wastewater  to  settle  out.   It  consists  of  a  long  narrow 
channel  equipped  with  grit  collectors  and  velocity  control. 
In  recent  years,  aerated  grit  chambers  have  become  popular. 
These  units  are  designed  for  a  detention  time  of  three  to 
five  minutes  at  peak  flow.   Grit  removal  is  also  required 
for  wet-weather  flows.   Therefore,  if  the  dry-weather  grit 
chamber  is  designed  for  a  higher  peak  flow,  the  same  facil- 
ities can  be  utilized  for  grit  removal  during  dry-  as  well 
as  wet-weather  periods. 

Primary  Treatmen t 


For  domestic  wastewater,  primary  treatment  follows 
preliminary  treatment  and  is  comprised  of  a  sedimentation 
tank  equipped  with  bottom  sludge  scrapers  and'top  skimmers 
During  the  course  of  treatment,  lasting  about  two  hours  at 
average  design  flow,  heavier  solids  settle  to  the  bottom 
while  the  lighter  materials  float  to  the  top.   Primary 
treatment  reduces  the  BOD^  and  SS  concentration  of  the 
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wastewater.   Genaralized  removal  curves  for  BOD^  and  SS 

b 

versus  detention  tines  are  shown  in  Figure  6-1  (Fair, 
Geyer   and  Okun,  1968).   These  removals  can  be  approxi- 
mated by  equation  (2.4).   The  sedimentation  tank  is  usually 
designed  for  two  hours'  detention  at  average  design  flow 
yielding  approximately  60  percent  SS  removal  and  35  per- 
cent BOD(-  remova  1  . 

Primary  treatment  has  also  been  utilized  for  treat- 
ing wet-weather  flows.   Installations  of  this  nature  pres- 
ently exist  at  Jamaica  Bay  in  New  York,  Humboldt  Avenue  in 
Milwaukee,  Cottage  Farm  in  Boston,  and  Whittier  Narrow  in 
Columbus,  Ohio  (Lager  and  Smith,  1974).   The  detention  time 
for  treatment  varies  from  10  minutes  at  Cottage  Farm  to 
24  minutes  at  Whittier  Narrow.   The  reported  removal  effi- 
ciency range  is  15-45  percent  for  SS  and  15-35  percent  for 
BOD^.   Since  a  sedimentation  tank  designed  on  the  basis  of 
30  minutes'  detention  will  process  four  times  more  flow 
and  pollutants  than  the  tank  designed  on  a  two -hour  deten- 
tion, the  mass  of  pollutants  removed  would  be  higher  with 
the  half-hour  detention  facility.   Thus,  if  the  sedimenta- 
tion tank  of  the  dry-weather  treatment  facility  is  designed 
to  handle  larger  peak  flows  than  conventionally  used,  the 
tank  can  be  utilized  for  treatment  during  wet-weather  periods 

A  primary  treatment  process  that  is  not  too  common 
in  d^y-weather  treatment  but  has  been  used  for  treating 
industrial  wastewaters  as  well  as  wet-weather  flows  is 
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Figure  5-1.   Pollutant  'Removai  in  a  Primary  Tank  as  a 

Function  of  Detention  Time  (Fair,  Geyer  and 
Okun,  1968) 
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dissolved  air  flotation.   In  this  process,  the  waste  flow 
or  a  portion  thereof  is  press  ui^i  zed  in  the  presence  of 
sufficient  air  to  approach  saturation.   When  this  pressur- 
ized air-liquid  mixture  is  released  to  atmospfieric  pressure 
in  a  flotation  tank,  minute  air  bubbles  are  released  from 
the  solution  and  suspended  solids  are    floated  to  the  surface 
where  they  are  skimiied.   This  process  has  been  used  for 
wet-weather  treatment  at  flilwaukee  and  Racine,  Wisconsin, 
and  San  Francisco  (Lager  and  Smith,  1974).   The  principal 
parameters  that  affect  the  removal  efficiencies  of  the 
process  are   (1)  detention  time,  (2)  amount  of  air  dis- 
solved in  the  flows,  and  (3)  chemical  addition.   Detention 
time  is  the  most  critical  parameter  affecting  SS  and  BODj- 
removals  of  the  dissolved  air  flotation  process.   The 
process  with  15  to  20  minutes'  detention  yields  BODj-  and 
SS  removal  efficiencies  comparable  with  a  sedimentation 
tank  with  two  hours'  detention. 

The  flotation  tank  is  similar  to  the  sedimentation 
tank  in  structure  and  equipment.   Thus,  if  the  pressuriza- 
tion  equipment  required  for  the  dissolved  air  flotation 
process  is  provided,  the  sedimentation  tank  designed  for 
dry-weather  treatment   can  also  be  utilized  as  a  flotation 
tank  during  wet  weather.   This  feature   allows  the  handling 
of  six  to  eight  times  the  flow  during  wet  weather  without 
any  reduction  in  removal  efficiencies. 
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Secondary  Treatment 


Secondary  treatment  of  Riunicipal  wastewater  1s 
usually  accomplished  by  either  a  high  rate  trickling 
filter  process  or  an  activated  sludge  process. 

In  the  high  rate  trickling  filter  process,  the 
primary  treated  effluent  is  sprayed  over  rock  media  at  a 
rate  of  about  30  million  gallons  per  acre  per  day.   The 
organic  removal  is  accomplished  by  ihe  microorganic  growth 
attached  to  the  filters.   The  effluent  from  the  filter  is 
settled  in  a  clarifier.   Some  sort  of  recirculation  is 
practiced  in  all  high  rate  filters. 

In  the  conventional  activated  sludge  process,  the 
raw  waste  or  primary  treated  effluent  is  aerated  for  a 
period  of  about  six  hours  in  an  aeration  tank  in  the 
presence  of  activated  sludge.   The  activated  sludge  is 
tne  solids  that  settle  in  the  secondary  clarifier.   A  por- 
tion of  the  solids  are  recirculated  to  the  aeration  tank 
while  the  balance  is  conveyed  to  the  digester.   The  con- 
tents of  the  aeration  tank,  called  the  mixed  liquor,  are 
allowed  to  settle  in  the  secondary  clarifier.   The  secondary 
clarifier  is  usually  designed  for  a  detention  time  of  two 
hours  and  an  overflow  rate  of  up  to  1,000  gallons  per  day 
■per    square  foot.   The  clarifier  effluent  is  disinfected 
prior  to  discharge  to  the  receiving  waters. 

Biosorption,  more  commonly  known  as  contact  stabili- 
zation, is  a  slight  modification  of  the  activated  sludge 
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process.   In  this  process,  the  raw  waste  cr  the  primary 
treated  effluent  is  aerated  in  a  contact  tank  for  a  period 
varying  froin  30  minutes  to  three  hours.   Then  the  effluent 
is  sent  to  the  secondary  clarifier.   The  settled  activated 
sludge  is  then  aerated  in  a  stabilization  tank  for  a  period 
of  four  to  six  hours  prior  to  its  recirculation  into  the 
contact  tank.   When  this  sludge  is  brought  in  contact  with 
the  wastewater  in  the  contact  tank,  removal  of  the  pollu- 
tants occurs  by  adsorption.   An  advantage  of  this  process 
is  the  reduction  of  the  size  of  tankage  required  for  aera- 
tion and  as  a  consequence  the  process  is  less  expensive 
than  the  conventional  activated  sludge  process.   Because  of 
this  advantage,  the  biosorption  process  is  being  used  more 
and  more  for  providing  secondary  treatment  to  domestic 
wastewater.   Many  of  the  existing  conventional  activated 
sludge  facilities  are    being  converted  to  the  contact 
stabilization  process  in  order  to  increase  their  design 
capacities. 

Up  uritii  a  few  years  ago,  biological  treatment  of 
wet-weather  ^lows  was  not  considered  feasible  primarily 
because  of  the  large  volumes  involved  and  the  sensitivity 
of  the  process  to  shock  loads.   Recently,  however,  both 
the  trickling  filter  as  well  as  the  contact  stabilization 
process  have  been  successfully  applied  for  treating  wet- 
weather  flows.   The  trickling  filter  installation  is  located 
in  the  Borough  of  New  Providence,  New  Jersey  (Homack  et  al.. 
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1973),   while  the  contact  stabilization  process  is  being 
utilized  at  Kenosha,  Wisconsin  (  A  q  n  e  w  e_t  a_l_ .  ,  1975). 

The  New  Providence  trickling  filter  installation 
has  a  rock  media  filter  and  a  plastic  media  filter.   During 
dry  weather,  the  filters  operate  in  series  while  during 
wet  weather  the  filters  operate  in  parallel.   The  hydraulic 
loadings  on  the  plastic  media  filter,  during  wet  weather, 
range  from  80  to  150  million  gallons  per  acre  per  day. 
The  rock  media  filter  was  subjected  to  hydraulic  loadings 
ranging  from  15  to  53  million  gallons  per  acre  per  day. 
Removal  efficiencies  of  the  rock  media  at  15  million  gallons 
per  day  per  acre  were  comparable  to  those  obtained  in  the 
plastic  media  with  hydraulic  loadings  of  30  million  gallons 
per  acre  per  day.   Thus,  plastic  media  filters  can  handle 
substantially  higher  flows  than  the  rock  media  filters. 
Therefore,  use  of  plastic  media  filters  in  dry- weather 
installations  can  enhance  their  capability  to  handle  large 
flows  during  wet  weather. 

The  Kenosha  facility  was  built  in  parallel  with  an 
existing  23  mgd  conventional  activated  sludge  dry-weather 
plant  and  has  a  design  flow  of  20  mgd.   The  combined  sewer 
overflow  in  excess  of  the  design  caoacity  of  the  23  mgd 
(design  flow  of  dry-weather  treatment  facility)  is  diverted 
to  this  treatment  facility.   Tne  overflow  treatment  facility 
is  compri sed of  a  gri t  removal  tank,  contact  tank,  stabiliza- 
tion tank  and  the  secondary  clarifier.   Since  the  facility 
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is  designed  to  treat  coir.bined  sewer  ove^-flows,  the  opera- 
tion of  the  facilUy  is  intermittent.   Consequently,  a 
reservoir  of  waste  activated  sluage  obtained  from  the  dry- 
weather  plant  is  maintained  in  a  biologically  active  state 
to  initiate  biological  treatment  in  the  overflow  facility 
when  required  due  to  a  storm  event. 

The  results  of  the  Kenosha  installation  indicate 
that  separate  treatment  of  wet-weather  flows  is  feasible- 
provided  that  adequate  quantities  of  dry-weather-activated 
sludge  are  available  during  wet  weather.   The  volume  of 
wet-weather  flow  that  can  be  treated  is  dependent  on  the 
amount  of  dry -weather-activated  sludge  that  is  available. 

The  contact  s tabi 1 i zat i oq  process  for  treating  dry- 
weather  sewage  flow  is  normally  designed  to  provide  a  con- 
tact time  ranging  from  30  minutes  to  three  hours.   Thus, 
if  such  a  facility  is  designed  on  the  basis  of  a  two-hour 
contact  time  during  dry  weather,  10  to  20  minutes'  contact 
time  required  during  wet  weather  would  enable  the  same  tank 
to  process  six  to  12  times  the  dry-weather  flow.   The  effi- 
ciency of  the  process  is  also  dependent  on  the  organic 
loading.   The  effect  of  smaller  contact  time  and  higher 
organic  loading  during  wet  weather  is  to  reduce  the  effi- 
ciency of    treatment  somewhat.   At  Kenosha,  BOD  removal 
ef^ic^enry    of  83  percent  was  obtained  as  against  90  percent 
normally  achieved  for  dry-weather  treatment  by  contact 
s  t  a  b  i  I  ■[  z  a  t  i  0  n  . 
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Since  the  quantities  of  wet-weather  flow  that  can 
be  treated  depend  upon  the  quantities  of  dry  activated 
sludge  that  can  be  stored  in  a  viable  state,  the  inaxiir,uni 
flow  treated  by    the  contact  stabilization  process  will  be 
limited  eithei^  by  the  minimum  detention  time  or  the  maximum 
amount  of  dry-weather-activated  sludge  production  per  day. 
At  Kenosha,  it  was  found  that  activated  sludge  from  this 
dry -weather  plant  can  be  stored  for  a  period  of  five  days 
without  any  loss  of  viability.   The  quantities  of  stored 
sludge  must  be  sufficient  to  maintain  a  mixed  liquor  con- 
centration (MLSS)  of  2500  ppm.   Based  on    average  sludge 
production  data  for  dry-weather  plants,  the  estimated 
maximum  flow  that  can  be  treated  .duri ng  wet  weather  is 
of  the  order  of  eight  to  ten  times  dry -weather  flow. 

The  effluent  from  either  trickling  filters  or  the 
activated  sludge  process  is  usually  settled  in  a  secondary 
clarifier.   This  unit  is  similar  in  many  respects  to  a 
primary  sedimentation  tank.   However,  its  operation  is 
more  critical  than  a  primary  clarifier.   If  a  secondary 
clarifier  does  not  perform  efficiently,  greater  amounts 
of  SS  and  EQD^  may  be  carried  in  the  discharge.   Thus,  the 
unit  cannot  be  converted  into  a  high  rate  operation  and 
additional  clarification  capacity  must  be  added  if  the 
facility  is  to  handle  large  quantities  of  wet -we  at  her  flows. 
As  an  alternate,  the  use  of  the  dissolved  air  flotation 
process  to  increase  the  capability  of  the  secondary  clarifier 
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apoears  feasible.   Studies  of  the  feasibility  of  using  the 
dissolved  air  flotation  process  to  clarify  activated  sludge 
tank  effluent  (Mulbarger  and  Huffman,  1970)  indicate  that 
it  is  not  successful.   It  has  been  postulated  that  the  use 
of  dissolved  air  flotation  shears  the  highly  flocculated 
aeration  tank  effluent  resulting  in  poor  efficiencies  of 
the  dissolved  air  process.   However,  in  the  contact  stabili- 
zation process,  the  effluent  from  the  contact  tank  has  not 
had  an  opportunity  to  flocculate  and  therefore  the  dissolved 
air  flotation  appears  feasible. 

In  summary,  utilization  of  the  above  concepts  can 
allow  greater  volumes  of  wet-weather  flows  to  be  treated 
at  the  domestic  wastewater  treatment  facilities  than  would 
be  possible  if  only  the  normal  excess  capacity  is  utilized 
because  without  utilizing  these  concepts  the  facility  would 
operate  as  a  conventional  device  during  dry  as  well  as  wet 
weather.   If  these  concepts  are  incorporated  in  the  domestic 
wastewater  facilities  at  the  time  of  their  design,  \jery 
little  additional  cost  would  be  involved.   Based  on  the 
plant  design  capacity  and  the  actual  dry-weather  flow,  the 
treatment  capacity  available  for  wet-weather  flow  can  be 
determi  n  ed . 


6  .  3     _G_p_timal  Sequence  of  Dry -Weather  and  Wet- Weather 
Quality  Control 


As  stated  previously,  control  of  domestic  wastewater 
nas,  ir  the  past,  received  priority  over  wet-weather  quality 
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control.   As  a  result,  many  of  the  urbanized  areas  have  been 
required  to  provide  advanced  treatment  of  their  domestic 
wastewater  in  order  to  further  reduce  the  pollutants  dis- 
charged from  this  source.   In  those  urban  areas  where  the 
water  quality  is  affected  by  both  dry-  and  wet-weather  flows^ 
it  may  be  more  cost  effective  to  institute  controls  on  wet- 
weather  quality  prior  to  requiring  increased  level  of  domes- 
tic wastewater  treatment.   Therefore,  it  is  necessary  to 
develop  procedures  for  determining  the  optimal  sequence  of 
dry-weather  and  wet-weather  quality  control.   Let 

TC   =^  annual  cost  of  dry-weather  treatment  for 
treatment  level  'li  ,    dollars  per  year; 

ICpj  =  incremental  cost  of  increasing  the  dry- 
weather  treatment  level  from  ui    to   (j), 
dollars  oeryear; 

Mp  =  dry -weather  BOD,  pounds  per  year; 

i 
n 


* 


efficiency  of  dry -weather  treatment  for 
treatment  level  ^    (0  ^n  <_   1); 

efficiency  of  dry -weather  treatment  for 
treatment  level  'p    (0  <  n  <  1);  and 


Then 


level  of  treatment  is  increased  from  'p    to 
9,  pounds /year 


IC, 


IM, 


TC 


JC 


Mn(n^  -  n^) 


(6.1) 
(6.2) 


and 


IM 


(6.3) 
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where    c^  =  i  ncremen  tal  or  n^arginal  cost  of  increasing 
domestic  wastewater  t^^earn-ient  frorr,    level  '^ 
to  *, dollars/pound  BOD  removal. 


The  cost  of  wet-weather  quantity  control  as  given  by  equa 
tion  (5.29)  can  be  written  as  follows: 
r^R. 


Z  ^  r ,  e 


1 


(5.4 


where   Z  =  annual  cost  of  wet-weather  quality  control, 
dol 1 ars/year ; 

R-j  =  percent  of  wet-weather  BOD  control  ; 

r-j  =  constant ;  and 

r^  -  constant . 


Let 


Then 


M  =  annual  wet-weather  BOD  generated,  pounds/acre 
M,  =  pounds  of  wet-weather  BOD  removed. 


M 


R 


X  100 


(6.5) 


Note  that  M  can  be  estimated  using  equations  presented 
inChapter2. 

From  equations  (5.4)  and  (6.5) 

100(M,  ■) 

r  ( L_^ 

2  ^    M    ' 
I    -    r^e    ^  .  (6.6 


iherefore  the  marginal  cost  of  wet-weather  BOD  removal  for 
this  convex  function  is 


r.( 


C  0  ( iM  ^  ) 


dM-|    ^12   M   ^ 


(6.7) 
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Equating  the  marginal  costr-  of  dry->weather  treatment  and 
wet- weather  treatment  yields 


or 


100 
r-,  r^-jr-   e 
I  2  M 


OO(M^) 


c^M 


'1     lOOr, 


1  0  0  r  T  r  ^ 


(6.8) 


Thus,  one  can  determine  the  pounds  o-f  wet-weather  BOD,  M-j*, 
that  should  be  removed  prior  to  increasing  the  degree  of 
wastewater  treatments  from  level  i|j  to  level  <t>  .      This  pro- 
cedure allows  the  optimal  sequence  of  dry-  and  wet-weather 
quality  control  to  be  determined. 

The  procedure  can  be  illustrated  by  appl i cation  to 
city  6  of  the  hypothetical  planning  area.   If  the  existing 
10  mgd  wastewater  treatment  facility  was  to  be  upgraded  to 
provide  tertiary  treatment,  the  incremental  cost  of  tertiary 
treatment,  using  equation  (6.1),  is  $511,000  per  year.   From 
Table  2-9,  the  design  BOD  of  the  plant  is  20,000  pounds  per 
day  and  the  efficiency  of  treatment  is  90  percent.   Assuming 
that  the  efficiency  of  tertiary  treatment  is  95  percent,  the 
additional  BOD  removal  due  to  tertiary  treatment  is  1000 
pounds  per  day  or  365,0  00  pounds  per  year.   Therefore,  the 
marginal  cost  of  tertiary  treatment  would  be  $1.40  per  pound 
of  BOD  removed,  and  the  value  of  M?  can  be  computed  as  follows 

M  =  100  #/year-ac  (Table  5-6) 
Cp  =  $1 .40/pound  of  BOD. 


160 


FrofTi  equation  (5.29),  the  optimal  cost  for  wet- 
weather  quality  control  for  city  6  is  given  by  the  follow- 
ing equation 

0  .  0  3  9  R , 

Z  =  15. 8e       ' 

Using  equation  (6.8)  yields: 
M|  =  21.0  pounds/year-ac . 
Therefore , 
M* 


=  0.21 


Thus,  appro ximjtely  21  percent  of  the  wet-weather 
BOD  control  should  be  instituted  prior  to  requiring  ter- 
tiary treatment  of  domestic  wastewater. 

6.4.     Optimal  Multipurpose  Wastewater  Management 

The  costs  of  urban  wastewater  management  can  be  re- 
duced by  integrating  various  purposes.   Optimization  oroce- 
dures  for  evaluating  annual  costs  of  these  strategies  are 
discussed  below. 

Let  Z  =  cost  of  dry-weather  control  at  a  secondary 
plant,  dollars  per  year 

=  amortized  capital  costs  +  annual  0  and  M 
costs . 

From  cost  data  presented  in  Table  2-5, 

Z  -  118,000  (D)^-''^  +  55,000  o"-"*^  (6.9) 

where    0  -  design  capacity  of  the  plant,  mgd;  and 

D  =  actual  sewage  flow,  in  g  d . 

Let  E  =    excess  capacity  of  d^^y-waather  plant, 
i  n  /  h  v' ;  and 
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Z-j  -  annual  cost  of  dry-wearher  quality  control, 
dollars  per  acre. 


If  per  capita  wastev/acer  flow  is  known,  D  and  D 
can  be  expressed  in  terms  of  population  density,  PD. 
Therefore , 


Z-,  =  J(PD) 


(6.10 


where 


Also, 


Z^  =  annual  cost  of  dry -weather  quality  control, 
dollars  per  acre; 


PD  =  population  density,  persons  per  acre;  and 
J  =  constant . 


annual  cose  of  wet- weather  quality  control, 
dollars  per  acre,  assuming  linear  costs 


c  S^ 
s 


'    'j'h    '    (T, 


T.)e 


KS^ 


6.11  ) 


where  all  terms  are  as  defined  earlier,  and 


annual  cost  of  wet-weather  quantity  control, 
dollars  per  year. 


's' 


(6.12) 


where    V  =  storage  volume  required  for  wet-weather  quantity 
control,  inches 

Bp  =  runoff  coefficient  in  developed  state; 


B   =  runoffcoefficient  in  undeveloped  state;  and 
I  ^  24-hour  rainfall  for  design  frequency,  inches 

If  dry-weather  quality  control  and  wet-weather  quality  con- 
trol are  integrated,  then 


Z,^  =  joint  annual  cost  of  two  ou^-poses,  dollars 


per  acre, 


J(PD)  +  c^E  +  C3S*  +  c^[(T^  -  E 


6.1  3) 


where    t    =    excess  capacity  available  at  dry-weather  plant, 
inchesperhour;and 

Cp  =  cost  of  treating  E  at  dry-weather  plant. 


If  wet-weather  quality  control  is  integrated  with  wet- 
weather  quantity  control,  then 


Z23  =  joint  annual  cost  of  two  purposes,  dollars 
per  acre , 


C3S5   .  c,[T^  .  ( 


t)^    2  J 


(6.14) 


S:^  =  max   <  F^" 
0 


y,^^^2-h 


(6. 15) 


It  IS  assumed  thar  dry-weather  control  cannct  be  integrated 
witii  wet- weather  quantity  control.   Therefore, 


16: 


I-.-.    -    joint  annual  cost  of  two  purposes,  dollars 
per  acre , 


^1  '    h 


J(PD)+  c^V 


(6.16) 
(6.17) 


If  all  three  purposes  are  integrated,  then 


Z,o 


1P^  =  joint  annual  cost  of  all  three  purposes 


;^23  =  J(PD)+  c^E  +  c.S*   +  c^[(T^  -  E 


-  KS* 
+  (T^  -  T^)e    2]  (6.18) 


Thus,  the  procedure  outlined  above  can  be  utilized  to  eval- 
uate the  costs  associated  with  various  multipurpose  strate- 
gies. 

The  above  optimization  procedure  can  be  illustrated 
by  applying  it  to  city  6  of  the  hypothetical  planning  area. 
Assume  that  the  city  decides  to  increase  the  treatment 
capacity  of  its  existing  sewage  treatment  facility  to  15 
mgd.   The  anticipated  domestic  wastewater  flow  to  the 
faci 1 i  ty  is  12.5  mgd .   Thus 

D  =    15  mgd 

D  =  12.5  mgd 

E  =  2.5  mgd  =  0.000295  inches  per  hour. 
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Let     V  =  0.25  inches 


Cr 


E  =  $2610   per  inch  per  hour;  and 
R,  =  30  percent. 


Then,  from  equation  (6.9) 

Z^  =  113,000(15)-^^  +  55,000(12.5)-^^ 
=  $1,405,000  or  $103  per  acre. 


From  the  example  presented  ir  Chaoter  5, 
Z^  =  $51  per  acre,  and 
Cj-  -  $460  per  acre- inch 

Using  equation  (5.12), 

Z3  =  c.V 

=    (450) (0. 25)  =  $115  per  acre. 

By  using  the  isoquant  parameters  established  for  city  6  in 
the  example  presented  in  Chapter  5  and  applying  equations 
(6.13),  (6.14),  (6.15),  (6.15),  and  (6.17), 


Z,^  =  S157  per  acre; 

Zp^  =  $124  per  acre ; 

Z,o  =  $223  per  acre;  ana 

Z,^-,  -  S230  per  acre. 
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The  annual  cost  of  various  multipurpose  strategies  is 
presented  in  Table  6-1.   It  can  be  seen  that,  in  this 
case,  multipurpose  planning  reduces  the  cost  of  vjaste water 
management  from  that  which  would  be  incurred  if  each  pur- 
pose was  to  be  accomplished  separately. 


6 .  5     Summary 

This  chapter  has  presented  concepts  which  can  be 
utilized  to  increase  the  capability  of  existing  domestic 
wastewater  treatment  facilicies  for  handling  wet-weather 
flows.   A  procedure  for  determining  the  level  of  wet-weather 
quality  control  which  yields  the  same  marginal  cost  as  the 
incremental  cost  between  secondary  and  tertiary  treatment 
was  also  outlined.   Optimization  procedures  for  evaluating 
various  multipurpose  wastewater  strategies  were  also  out- 
lined.  The   procedures  presented  in  this  chapter  are  quite 
useful  in  examining  cost-effective  strategies  for  dry- 
weather  and  wet- weather  control.   The  next  chapter  outlines 
the  efficiency  and  equity  considerations  that  are  important 
in  urban  wastewater  management  problems  involving  several 
purposesorgroups. 
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CHAPTER  7 
IMTEGRATED  EFFICIENCY/EQUITY  ANALYSIS 


7.1 


Problem  Definition 


Chapters  4,  5  and  5  presented  procedures  for 
f  oriTiul  at  i  ng  alternative  strategies  for  accomplishing 
various  purposes  of  urban  wastewater  management  and 
for  determining  their  associated  resource  (annual)  costs. 
These  procedures  assumed  that  each  of  the  alternative 
strategies,  if  implemented,  would  satisfy  all  regulatory 
requirements,  i.e.,  control  criteria.   As  stated  in 
Chapter  3,  each  of  these  strategies  may  have  different 
environmental  and  social  impacts.   A  strategy  with  least 
annual  costs  may  have  more  adver^se  impacts  than  another 
strategy  (for  accomplishing  the  same  purpose)  with  higher 
annual  costs.   Since  the  stated  objective  of  urban  waste- 
water management  is  the  selection  of  a  cost-effective 
solution,  it  becomes  necessary  to  evaluate  these  impacts 
for  various  strategies.   Ho.vever,  many  of  these  impacts 
can  only  be  quantified  ^  n  noninonetary  terms.   Based  on  goal 
and  objectives  of  an  area  undev  cor.  si  aeration,  it  may  be 
possible  to  select  a  single  parameter  to  express  these 
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objectives  (Oinius,  1972-,  Council  on  Envi  roninen  tal  Quality, 
1972).   Environmental  and  social  inpacts  of  various  strat- 
egies can  then  be  expressed  in  terms  of  this  single  parameter 
Then  the  ''east  cost  solution  can  serve  as  a  base  against 
which  increased  costs  and  irri pacts  of  the  other  alterna- 
tives can  be  compared  for  the  purpose  of  selecting  the 
best  plan  foi"  the  area.   This  analysis  can  be  used  to 
display  the  non inferior  set  of  solutions  for  this  multi- 
objective  problem.   The  selection  of  the  cost-effective 
solution  then  depends  on  the  decision  maker's  preferences 
and  the  political  and  implementation  feasibility  of  a  plan 
from  this  noninferior  set  of  solutions. 

Implementation  feasibility  is  dependent  in  part 
on  how  the  costs  of  a  plan  are  shared  among  various  groups 
(called  cost-sharing)  and  among  various  purposes  (called 
cost-allocation).   If  a  group  or  a  purpose  feels  that  the 
costs  assigned  to  it  in  a  plan  are  not  fair,  it  is  diffi- 
cult to  implement  such  a  plan.   Some  of  the  equity  ques- 
tions that  arise  in  environmental  quality  management  were 
discussed  in  Section  3.4   A  mathematical  formulation  of 
the  equity  problem  presented  in  Section  3.5  showed  it 
to  be  also  a  mult i objective  problem.   In  this  case,  how- 
ever, the  objectives  are  in  monetary  terms  and  the  non- 
'nferior  set  can  be  generated  by  economic  analysis  or  by 
using  mul t i ob j ect i ve  mathematical  programming  techiques. 
Another  equity  question  that  may  arise  is  the  allocation 


of  capacities  among  different  purposes  or  groups.   As 
shown  in  Section  3.2,  the  efficient  solution  for  accom- 
plishing two  purposes  is  by  joint  utilization  of  the 
facilities.   However,  unless  the  allocation  is  fair,  the 
solution  may  not  be  implement"- able.   In  this  case  also, 
economic  analysis  results  in  a  noni nf er i or  set  of  solu- 
tions.  In  order  to  determine  the  optimal  allocation  or 
the  best  compromise  solut-^on,  the  economic  analysis  relies 
on  product  prices  or  marginal  benefits  while  mult i ob- 
jective analysis  utilizes  the  incifference  curve  approach. 
Since  this  information  is  not  available  in  urban  waste- 
water management,  other  procedures  for  resolving  the 
distributional  aspects  of  such  problems  have  been  pro- 
posed or  utilized.   As  will  be  illustrated,  these  methods 
do  not  necessarily  result  in  an  equitable  arrangement. 

The  purpose  of  this  chapter  is  to  first  present 
efficiency /equity  criteria  which  encourage  the  implementa- 
tion of  tne  selected  plan.    A  review  of  mu It i objective 
solution  techniques  as  well  as  conventional  cost-sharing/ 
cost-allocation  procedures  is  undertaken  and  their  defi- 
ciencies noted.   A  brief  discussion  of  cooperative  N -person 
game  theory  is  presented  and  it  is  shown  that  application 
of  the  concepts  derived  from  game  theory  can  result  in  a 
distriDution  which  has  desirable  equity  properties.   These 
concepts  are  then  related  to  conventional  procedures. 
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7. 


E  f  f 1 c 1 e  n  c  y / Equity  Criteria 


As  stated  above,  the  objective  of  such  criteria 
is  to  encourage  the  implementation  of  an  efficient  or 
cost-effective  solution  as  the  case  may  be.   These  cri- 
teria will  be  developed  by  means  of  examples.   First  con- 
sider the  case  of  allocation  of  capacities  between  two 
purposes  as  discussed  in  Section  3.1.   The  contract  curve 
OABO   shown  in  Figure  3-6   results  in  the  transf orna 1 1  on 
curve  or  noninferior  set  PP'Q'Q  as  shown  in  Figure  7-1. 
Point  A  represents  the  status  quo  if  each  purpose  is 
accomplished  independently.   Suppose  that  the  economic 
analysis  was  to  be  used  to  determine  the  optimal  alloca- 
tion.  Assume  that  the  marginal  benefits  are  sucn  that 
the  solution  falls  in  the  '-ange  PP'.    This  Implies  that 
a  reduction  be  effected  1  ,i  dry-weather  BOD  removal  from 
its  current  status.   Sucn  a  solution  may  be  difficult  to 
implement  for  several  reasons,  e.g.  (1)  it  may  not  meet 
regulatory  requirements;   or  (2)  it  disregards  existing 
ownership.   Similar  reasoning  could  be  app'^ied  to  any  solu- 
tion falling  in  the  range  Q'Q.   It  is,  therefore,  seen  that 
the  existence  of  a  status  quo  point  delimits  the  noninferior 
set  of  solutions.   In  the  present  case,  the  solution 
must  lie  on  curve  P  '  Q  '  .   Any  solutions  on  the  ^^  1  g h t  of 
this  curve  are  infeasible,  while  those  on  the  left  are 
Inef  f  ^:c1ent .   The  solutions  to  the  left  of  AP  '  and  below 
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NON-INFERIOR    SET 


yr  yr 

DRY-WEATHER   BOD   REMOVED   y, 


Figure    7-1..       Illustration    of    Equity    Criteria    for 
Allocation    of   Capacity    Example 
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AQ'  :Tiay  be  viev/ed  as  inequitable.   "he  above  resource 
allocaticn  problem  can  be  inathematically  stated  as 
f ol 1 ows  : 


maximi  ze  (y-i  >  Y^  ) 


subject  to 

1'  ^2 


(7.1 


gly. ,  y.)  =  0 


> 


0 


y 


y- 

2-^2 


yi    -  ^1 

0 


> 


^1'  ^2   ^  °- 


In  problems  involving  apportionment  of  project  costs  among 
the  users,  it  is  necessary  that,  unless  a  subsidy  is  pro- 
vided, full  costs  be   obtained  from  the  users  before  a 
project  can  be  implemented.   For  example,  consider  a  case 
involving  two  cities  faced  with  constructing  a  wastewater 
treatment  plant.   In  Figure  7-2,  the  total  project  costs, 
C,^,  are  represented  by  line  PQ.   In  order  for  the  total 
costs  to  be  covered,  the  solution  must  lie  on  line  PQ. 
Line  PQ  may  also  be  viewed  as  the  noninferior  set  as  any 
move  along  this  line  increases  the  costs  to  one  city  while 
decreasing  it  for  the  other  city.   If  the  cost-sharing 
point  is  to  the  right  of  this  line,  the  revenues  will  ex- 
ceed the  project  costs  while  on  the  left  of  the  line,  in- 
sufficient revenues  are  generatea.   The  problem  is, how 
should  the  costs  be  apportioned? 
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.  STATUS   QUO   PO!NT(C„Co) 


COST  TO  CITY  I,  xU) 


Figure    7-2.       Illustration    of    Equity    Criteria    for    Cost- 
Sharing/Cost- Allocation    Example 
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Several  authors  (Hazel  v/ood,  1951;  Brand  is,  1953; 
Loehinan  and  Whinston,  19  71;  Janies  and  Lee,  1971)  have 
advocated  the  use  of  marginal  or  incremental  cost  pricing  as 
a  necessary   condition  for  efficiency  and  fairness.   These 
costs  are  defined  as  follows: 


SC.  -  C(N 
1 


C  (  N  -  {  i }  ) 


(7.2 


where    SC.  =  separable  or  marginal  cost  to  i; 

C(rO  ^-  total  project  cost  v/ith  n  users;  and 
C(N  -  {i})  ■=    total  project  cost  with  user  i  excluded. 

In  Figure  7-2,  let  point  A  denote  the  costs  given  by 
C(M  -  {i}).   For  the  case  involving  two  users,  this  point 
corresponds  with  the  costs  of  serving  each  user  indepen- 
dently.  Given  point  A,  point  S  is  uniquely  determined 
as  shown  in  Figure  7-2.   This  point  denotes  the  separable 
or  marginal  costs.   Since  this  point  lies  on  the  left  of 
the  line  PQ,  it  is  evident  that  the  marginal  cost  pricing 
will  not  cover  the  total  project  cost.   The  portion  of  the 
project  cost  that  is  not  covered  is  given  by 


NSC  =  C(N)  -  ESC. 


(7.3) 


These  costs  are  usually  called  joint  or  nonseparable  costs. 
A  n e q a  t  i  >/ e  NSC  implies  that  point  A  lies  on  the  left  of 
the  line  PQ  and,  therefore,  the  joint  arrangement  is  eco- 
nomically inefficient.   Thus,  the  only  case  of  interest  is 
when  NSC  >  0. 
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From  Figure  7-2,  it  is  also  evident  that  the  cost  shar 
ing  point  ii^ust  lie  on  the  line  seginent  P'Q'.   If  the  cost 
sharing  point  lies  on  the  line  PQ  bijt  outside  the  line 
segment  P'Q',  thei^^  the  total  project  cost  is  covered. 
However,  one  of  the  users  will  be  assigned  a  cost  greater 
than. his  cost  of  going  alone.   If  point  A  is  denoted  by 
status  quo  point,  it  is  seen  that  the  existence  of  the 
status  quo  point  results  in  delimiting  the  set  of  solutions 
from  line  PQ  to  the  line  segment  P'n'.   This  problem  can 
be  mathematically  stated  as  follows: 


minimize  ( x ( 1  )  ,  x ( 2 
subject  to 

x(l )  +  x(2)  =  C 


12 


(7.^) 


X  ( i  )  <  C 


x(i)  >  SC 


X  ( i  )  >  0 


V-i 

^i 


where   x(i)  =  cost  apportioned  to  i; 

C.  =  cost  of  serving  i  alone;  and 
C-jp,  =    total  project  cost. 


Thus,  from  efficiency  and  equity  s tandpo i n ts,  the  solution 
in  both  cases  must  lie  on  the  line  segment  P'Q'  which  is 
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the  non inferior  set.   In  the  case  of  cost  sharing,  any 
solution  $.  on  the  line  segtpent  P'Q'  can  be  represented 
by 


6.  =  SC.  +  p.(N'SC) 


(7.5 


where    d^-  t:  x  ( i  )  ;  and 


B.=  fraction  of  the  nonseoarable  cost  assigned  to  i 
1 


Note  that 


:i>.  =   c(N 
1 


for   ES.  =  1 


For  tv^o  users, 


\r       -    r         _  r 
^"1    ^12    ^2 


SC2  =  C^2  -  ^1 


(7.6) 
(7.7) 


and   NSC  -  [C^^    -    (C^2  "   C2  +  C^2  "  ^1 '^ 


7.8 


Therefore,  using  equation  (7.5), 


-  h    '    S.CC,,  -  (Ct2  -  ^2  ^  S2  -  ^1^' 


'1  "  ^12     2    ^U  12    '12 


=  C^2^,l  -  3^)  ^    C^{-]    +  3^)  +  3-,  C^ 


(7.9) 
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and   $2  =  Cj^l'  -  6^)  +  C^(-T  +  ^..^)    +   Q^    C^ 


(7.10) 


Also     4)^  +  ^2  ^  •-  ]  2 


for  ^^    +     %    =    ^ 


Applying  the  above  approach  to  three  users, 


4,.  =  CdO  (1  -  2B.)  +  C(N  -  {i})  (-1  +  B,)  +  B-  I     C(S; 
^  ^  .   ^     ^  ieS 


(7.11 


where   C(N)  =  total  project  cost  with  three  users; 

C(N  -  {i})  =  total  project  cost  with  user  i  excluded;  and 

C(S_)  =  total  project  cost  for  subcoalitions  of  2 
containing  i. 

Extending  the  above  results  to  n  participants  yields, 

(?,.  =  C(r!)  [1  -  (n-l)B.]  +  C(N  -  {i})  (-1  +  3J  +  S-  i       C(S)     (7.12 
^  ^  ^     ^  ieS 

wher-e    S  =    set  of  coalitions  of  order  n-1  containing  i. 


A  q  a  i  n 


Z   6.  =  C(N 
i  =  l   ^ 


for    :  B.  =  1 
T-1   ^ 


Thus,  given  the  noninferior  set  P'Q',  apporti  onnnen' 
of  costs  involves  selection  of  appropriate  values  of  B-. 
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The  Rianner  in  which  this  is  acconplished  in  conventional 
cos t-sharinq/ cost-allocation  techniques  is  discussed  in 
Section  7.4.   The  next  section  discusses  how  a  unique 
solution, or  the  best  conp^'oinise  solution  to  multiobjective 
problems   of  the  type  presented  above.  Is  obtained  by 
multiobjective  soltuion  techniques. 

7 . 3     Multiobjective  S o lution  Techniques 

Multiobjective  solution  techniques  designed  to 
determine  the  best  compromise  solution  to  the  multiob- 
jective problems  are  categor-izid  as  interactive  techniques. 
These  techniques  proceed  from  one  non inferior  solution 
to  another,  at  the  direction  of  the  decision  maker,  until 
the  best  compromise  solution  is  found  or  another  condition 
for  termination  of  the  algorithm  is  met  (Cohon,  1973). 
One  of  these  techniques  is  the  step  method  or  STEM.   The 
STEM  pr'ocedure  begins  with  n  alternatives,  each  of  which 
maximizes  one  of  the  n  objectives.   Thus,  plan  X.  is 


the  solution  to 


maximize  F  .  ( X ) 
subject  to 

g^.  (X)  =  0   Y  -i 


(7.13) 


The  maximum  value  of  objective  j,  F.(X.)  is  denoted  by  M. 
and  values  of  othei^  objectives  when  X  =  X^  are  given  by 
F„'X)  =  Z,,  .  (;<  /  j).   The  results  are  specified  in  a  payoff 
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matrix  viith    M.  forming  the  diaaonal  of  the  matrix.   M. 
is  defined  as  the  "ideal"  solution  for  objective  j. 

The  STEM  procedure  then  proceeds  to  determine  the 
solution  which  is  "nearest"  in  the  mini  max  sense  to  the 
"ideal"  solution,  i.e.,  the  maximum  weighted  difference, 
E,  between  objectives  F.(X')  and  their  respective  maximum 
value,  M  .  ;  or 


m  1  m  nn  z  e  E 
subject  to 


(7.14) 


E  >  W  .  [  M  .  -  F  .  (  X  )  ]     \^  j 


9  •  (X 


V-i 


The  weights  W.  indicate  the  relative  magnitude  or  signifi- 
cance of  the  deviations  from  the  optimum.   The  solution 
to  the  first  iteration  is  a  olan,  X  ,  which  accomolishes 

0 

a  vector  of  objectives,  Z^  =  tF,(X^),  F^ ( X  J  , . . . , F^ (^^) ] . 

The  decision  maker  compares  these  results  with  the  "ideal" 

vector  T  =  Tm,  ,  i'r,...,M  ].   If  the  values  of  so  ire  com- 
-  1    2      n 

Donents  of  Z   are  satisfactory  and  others  are  ncc,  the 

0 

decision  make*"  must  accept  a  certain  reduction  in  the 
value  of  one  or  more  satisfactory  objectives  in  order  to 
improve  the  unsatisfactory  ones  in  the  next  iteration. 
The  oroblem  (7.14)  is  again  solved  with  the  revised  con- 
straint set.   Tlie  procedure  continues  until  the  decision 
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maker  is  satisfied  with  the  results  or  no  suitable  com- 
promise is  obtained.   The  concepts  involved  in  the  STEM 
procedure  can  be  illustrated  by  means  of  the  following 
examples. 

Consider  the  problem  of  allocation  of  capacities 
between  two  purposes  as  discussed  in  Sections  3.1  and  7.2. 
If  the  STEM  procedure  is  used,  the  "ideal"  solution  is  as 
shown  in  Figure  7-3.   This  solution  is  obtained  by  first 
maximizing  dry-weather  300  removal  assuming  all  resources 
are  devoted  to  this  purpose,  yielding  M, ,  and  then  maxi- 
mizing wet-weather  BOO  removal  assuming  all  resources  are 
allocated  to  this  purpose,  yielding  hl^.      Note  first  that 
this  solution  ignores  the  status  quo  point,  thereby  con- 
sidering the  entire  curve  PQ  as  the  non inferior  set.   If 
the  status  quo  point  is  considered,  the  non inferior  set 
would  be  curve  P'Q'.   Secoridly,  the  subsequent  decision 
making  process  requires  each  purpose  to  specify  how  much 
of  the  BOD  removal  it  is  willing  to  sacrifice  in  order  to 
obiain  more  of  the  other  purpose. 

Mow  consider  the  case  of  cost  sharing  between  two 
cities,  1  and  2,  discus:^ed  in  the  previous  section.   The 
"ideal"  solution  using  STEM  is  (0,0)  as  shown  by  point 
0  in  Figure  7-4.   Again,  it  does  not  consider  the  status 
quo  point.   T.'-Mi  existence  of  the  status-quo  point  changes 
the  "ideal"  solution  to  point  S.   In  this  case,  the  de- 
cision making  process  requires  one  city  to  specify  how  much 
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Figure    7-3.       Hlustration    of    "Ideal"    Solution    by 

SiEM  for  Resource  Allocation  Problems 
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Figure    7-4.       Illustration    of    "IdeaT'    Solution    System 
for    Cost-Sharing    Problem 


183 


additional  costs  it  is  willing  to  incur  in  order  to  de- 
crease the  costs  to  the  other  city. 

Kaith  and  Loucks  (1973)  demonstrated  the  use  of 
STEM  procedure  "^  n  solving  the  treatment  plant  problem  for 
two  niunicipal'ities,  and  a  review  of  the  example  shows  that 
the  decision-making  process  requires  one  municipality  to 
increase  its  degree  of  treatment  while  decreasing  the  other 
municipal i  ty . 

In  urban  wastewater  management  involving  alloca- 
tion of  a  resource  such  as  the  assimilative  capacity  of  a 
receiving  water,  treatment  plant  capacity,  etc.,  each 
participant   is  usually  guaranteed  a  certain  allocation 
in  the  form  of  "ownership."   The  objective  of  each  partici- 
pant in  a  coordinated  strategy  is  to  increase  this  allo- 
cation to  himself.   Similarly,  in  cost  sharing/cost  allo- 
cation, each  participant  usually  has  an  alternative  or 
a  set  of  alternatives  which  determines  his  maximum  cost. 
Therefore,  the  objective  of  each  participant  in  a  coordi- 
nated solution  is  to  decrease  his  cost.   These  objectives 
can  only  be  attained  if  the  participants  cooperate.   But 
the  manner  in  which  the  problem  is  solved  by  the  STEM 
procedure  poses  a  competitive, rather  than  a  cooperative, 
situation.   It  ignores  the  existence  of  the  status  quo 
point.   Further,  the  ■' ideal"  solution  is  an  unattainable 
qjantity  and  does  not  have  meaning.   Application  of  concepts 


from  coooerative  N- parson  game  theory,  to  be  discussed 
later  in  this  chapter,  allows  the  multiobjective  problems 
to  be  formulated  as  cooperative  problems  rather  than 
c  0  n)  p  e  t  i  t  i  V  e  situations. 

Among  other  iterative  solution  techniques  leading 
to  a  unique  solution  are  the    iterative  weighting  method 
and  iterative  goal  programming.   In  the  first  case,  the 
best  compromise  solution  is  obtained  by  using  a  set  of 
weights  derived  by  solving  a  two-person  zero  sum  game. 
Its  implications  for  decision  making  are  similar  to 
those  for  STEM.   Iterative  goal  programming  requires 
defining  "goals"  or  aspiration  levels.   Monarch i  (1972) 
demonstrates  application  of  this  method  to  a  water  quality 
example.   It  does  not  appear  that  this  method  is  suitable 
for  resource  allocation  or  cost  sharing/cost  allocation. 
The  next  section  discusses  how  S-  is  determined  by  con- 
ventional cost-sharing /cost-allocation  techniques. 


7.4 


Conventional  Cost-Shar inn/Cost- Al 1 ocati  on  Techni  ques 


There  is  a  considerable  amount  of  literature  re- 
lated to  apportioning  costs  (Ransrreier,  1942';  Regan,  1964; 
■James  and  Lee,  1971;  Marshall  and  Broussalian,  1972;  Giglio 
and  W  r  i  g  h  t  i  n  g  1 0  n ,  1972).   Marshall  and  Broussalian  discuss 
cost -allocation  methods  most  frequently  used  by  various 
fede^'al  agencies  in  the  area  of  water  resources  development 
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while  Giglio  and  Wrighii  ngr.on  discuss  methods  for  appo)^- 
tioning  the  costs  of  joint  v^aste water  tr-eatment  plants 
among  users.   All  methods  have  one  thing  in  common,  i.e., 
each  purpose  or  group  is  assigned  all  the  costs  that  can 
be  unambiguously  attributed  to  that  purpose  or  group 
(separable  costs)  plus  a  portion  of  the  joint  or  non- 
separable  costs.   They  differ  only  in  how  the  separable 
costs  are  defined  and  the  allocation  vehicle,  S-,  which 
is  used  for  assigning  a  portion  of  the  joint  costs. 

Separable  costs  of  a  purpose  are  usually  defined 
as  the  incremental  costs  of  including  that  purpose  in  the 
multipurpose  project,  N,  as  in  equation  (7.2).   However, 
in  wastewater  management,  separable  costs  to  purpose  or 
group  i  are  usually  regarded  as  the  costs  of  those  project 
elements  such  as  pipelines  used  exclusively  by  i.   These 
costs  are  net  necessarily  equal  to  incremental  costs. 
Thus  , 


iC. 


=    C  (  N  )    -    Z{\\    -    {  i }  )  ,    or 

=    cost    of    facilities    used    by    i    alone. 


(7.15 


James  and  Lee  (1971)  list  six  principal  vehicles 
that  have  been  used  for  allocating  joint  costs.   These 


vehicles  and  the  associated  value  fl- 


are as  follows 


1)   equally  among  centers,  5- 


n  ' 


(7.15 
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(2)   proportionally  to  the  quantity  of  use  the 

center  makes  of  the  facilities  as  expressed  in 
units  such  as  volume,  flow  rate,  BOD,  etc. 


D 


^°i 
1 


(7.17) 


where   D-  =  units  from  center  i; 

entirely  to  the  highest  priority  cost  centei 

within  the  limit  of  the  benefit  the  center 

receives 

n-1      C,-SC. 


.  =  m  i  n  [1  - 


i-1 


Si 


NSC 


^] 


(7.18) 


where  C.  =  cost  of  independent  action; 
proportionally  to  the  excess  cost  required  to 
provide  the  service  by  some  alternative  means,  or 


C .  -  SC  . 

1        T 


i    EC. 


SC. 
1 


(7.19 


where   C.  =  cost  of  providing  service  to  center 
^    i  by  some  alternative  means. 


1 


sum  of  the  costs  of  serving  all 
ceniers  by  alternative  means. 


This  method  may  be  denoted  as  the  alternative 
cost  method  ; 

proportionally  to  the  benefit  in  excess  of 
assigned  separable  cost  by  the  given  cost 
center.   In  this  case,  3  .  is  given  by  equation 
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(7.19)  with  C.  representing  the  gross  bene- 
fits to  cente>''  i  and  EC.  as  the  total  project 

i 
gross  benefits;  or 

(6)   proportionally  to  the  smaller  of  the  excess 

benefits  or  the  excess  cost  of  the  alternative 
project.   In  this  case  B-    is  also  given  by 
equation  (7.19)  with  C.  representing  the  mini- 
mum of  the  alternative  cost  and  gross  benefit 

to  center  i  and  ::C.  representing  the  minimum 

i 
of  the  total  project  alternative  cost  and  total 

projectgrossbenefits. 


The  above  methods  can  be  illustrated  graphically 
by  means  of  the  tv/o  city  examples.   In  Figure  7-5,  total 

costs  (C|oJ  are  represented  by  line  PQ  and  the  marginal  costs 

MN ' 
are  denoted  by  point  S.   In  accordance  with  method  1,  8-,  =  — o— 

MM' 


and  i3, 


2 


In  accordance  with  the  second  method 


NM'(D^) 


and 


'2   "  D^"^^ 


In  accordance  with  the  third  method,  the  cost-sharping  point 
is  located  sornewhere  along  the  line  PQ. 

In  methods  4,  5,  and  6,  a  point  A,  as  shown  in  Figure 
7-5,  is  defined  denoting  alternative  costs,  gross  benefits, 
ana  minimuin  of  the  gross  benefits  or  alternative  costs  re- 
spectively.  The  point  of  intersection,  R ,  of  the  line  join- 
ing points  A  and  S  with  the  lire  P  Q  yields  the  c  o  s  t - s  h  a  r  i  n  g 
point. 
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Figure  7-5.   Illustration  of  Conventional  Cost- 
Sharing/  Cos  t-Al  location  Techniques 
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In  methods  1  and  2,  there  is  no  guarantee  that 
equity  cr'iteria  outlined  in  Section  7.2  will  be  satis- 
■f'ied.   Further,  method  2,  also  called  the  Use  of  Facility 
Method,  is  difficult  to  use  in  multipurpose  problems.   For 
example,  v/st-weather  quantity  control  usage  is  expressed 
in  terms  of  volume,  dry- weather  control  involves  flow  or 
BOD  and  the  wet-weather  quality  control  usage  is  expressed 
in  terms  of  both  flow  and  volume.   Therefore  it  is  difficult 
to  use  a  single  parameter  as  an  allocation  vehicle.   Since, 
in  urban  wastewater  management,  benefits  cannot  be  quanti- 
fied in  monetary  terms,  methods  5  and  6  are  difficult  to  use. 
Method  4  seems  to  meet  the  efficiency /equity  criteria  pro- 
vided that  the  alternative  costs  are  properly  defined. 

Thus,  it  is  seen  that,  except  for  tne  alternative- 
cost  method,  conventional  cost-sharing/cost-allocation 
techniques  are  either  not  equitable  or  unsuitable  for  ap- 
plication to  urban  wastewater  management.   The  alternative- 
cost  method  is  suitable  only  if  these  costs  are  defined 
properly.   In  the  next  section,  a  brief  discussion  of 
cooperative  N -person  game  theory  is  presented.   These  con- 
cepts allow  the  cost-sharing/cost-allocation  problem  to  be 
formulated  as  a  cooperative  bargaining  problem  rather  than 
a  competitive  problem  solved  by  STEM  procedure.   These  con- 
cepts also  assist  in  defining  alternative  costs  in  a  proper  manner. 


7  ,  5     Cooperative  Fi-person  Game  Theory 

Game  theory  is  concerned  with  dec i s i on  ma ki ng 
situation^  involving  conflicts  and/or  cooperation  amonq 
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two  c^   mors  decision  makers  (players).   In  general,  the 
decision  makers  have  different  goals  or  preferences.   The 
payoff  received  by  a  particular  player  depenas  not  only 
on  his  decision  choice,  but  also  on  those  of  other  players. 
Game  theory  attempts  to  provide  a  normative  guide  to  rational 
behavior  for  a  group  whose  members  aim  for  different  goals. 
The  game  theoretic  approach  to  collective  action  stems 
directly  from  "The  Theory  of  Games  and  Economic  Behavior"  by 
Von  Neumann  and  Morgenstern  (1947).   A  general  introduction 
can  be  found  in  Luce  and  Raiffa  (1957),  Rapoport  (1950, 
1955,  i970a,  1970b)  and  Shubik  (1964a). 

Game  theory  divides  into  two  fundamental  categories, 
two  person  and  more  than  two  person  (N-person).   Two-person 
games  are  further  subdivided  into  constant  sum  games  (also 
zero  sum)  and  nonconstant  sum  games.   In  constant  sun  games, 
the  interests  of  the  players  are  diametrically  opposed 
while  in  nonconstant  sum  games  the  interests  are  partially 
opposed  and  partially  coincident.   Nonconstant  sum  games  and 
N-person  games  are  further  differentiated  according  to 
whether  players  can  agree  on  joint  strategies  (cooperative 
games)  or  noncooperati ve  games.   Cooperative  games  involve 
coalition  formation  among  players  and  provision  as  to  how 
gains  or  losses  that  accrue  jointly  to  the  members  of  the 
coalition  shall  be  apoort'ofied  among  them.   These  provisions 
can  be  viewed  as  results  of  bargain ing  among  the  members  of 
the  resoective  coalicions.   Thus,  gams  theory,  to  the  extent 
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that  it  deals  with  games  in  which  coalitions  can  form, 
includes  also  a  theory  of  bargaining. 

GaiTies    have    been    studied    in    three    forms 

(1)  the  extensive  form; 

(2)  the  strategic  or  normal  form;  and 

(3)  the  characteristic  function  form. 

The  extensive  form  of  a  game  can  be  illustrated 
by  means  of  a  diagram  known  as  the  game  tree.   The  game  tree 
is  determined  by  the  rules  of  the  game.   The  origin  of  this 
tree  can  be  represented  by  a  point.   The  branches  issuing 
from  the  origin  represent  the  alternatives  open  to  the 
player  who  moves  first.   The  end  points  of  these  "first 
order"  branches  represent  the  several  situations  which  can 
result  from  the  choices  made  by  the  first  player.   From 
these  points,  in  turn,  branches  issue,  which  represent 
the  alternatives  open  to  the  player  who  is  to  move  next. 
The  process  continues  until  a  situation  is  reached  which 
is  defined  as  the  outcome  of  the  game.   An  example  of  a 
game  in  the  extensive  form  is  the  tree   structure  of  chess. 
The  sizes  of  the  trees  in  even  very  simple  games  make 
mathematical  analysis  of  games  in  extensive  form  almost 
impossible. 

A  game  in  normal  form  is  simply  a  list  of  pure 
strategies  ^or  each  one  of  the  players  along  with  a  de- 
scription of  the  resulting  payoffs  to  the  players  for  any 
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possible  strategy  choices.   The  theory  of  games  in  normal 
form  is  most  useful  in  the  investigation  of  the  two- person 
game.   In  that  case,  the  matrix  is  a  rectangular  array  in 
which  the  strategies  of  one  player  are  represented  by  rows 
and  those  of  the  other  by  columns.   Zero-sum  two-person 
games  are  historically  the  most  important  type  of  game  in 
normal  form.   Of  the  two-person,  zero-sum  games,  the 
simplest  are  those  which  have  so-called  saddle  points  in 
the  game  matrix.   A  saddle  point  is  a  "box"  in  the  matrix 
in  which  the  payoff  to  the  row  is  minimal  in  its  row  and 
at  the  same  time  maximal  in  its  column.   Strategies  which 
contain  the  saddle  point  are  called  maxim  in  strategies. 
Each  player  tries  to  maximize  his  expected  average  payoff 
and  there  is  a  definite  upper  limit  to  the  payoff  set  by 
the  opponent's  efforts  to  do  the  same.   Each  has  a  maximum 
"security  level."   In  no n constant  sum  games  with  two  or 
more  players,  coalitions  become  feasible  and  players  may, 
by  mutual  agreemer^t,  play  in  such  a  manner  as  to  raise 
their  payoffs  above  the  security  levels. 

Both  the  extensive  form  and  the  normal  form  are 
not  very  convenient  in  situations  involving  many  persons. 
A  ;na,]or  factor  in  the  mu  It  i  person  cooperative  games  is  that 
of  coalition  formation,  and  thus  the  maximum  amount  at- 
tainable by  any  potential  coalition  is  of  primary  concern. 
Consequently,  if  the  subject  to  be  studied  involves 
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negotiations,  bargaining,  or  fai>^  division  procedures, 
it  is  important  to  look  at  the  game  in  characteristic  func- 
tion form.   An  N-person  game,  (N,v),in  characteristic  func- 
tion form  consists  of  a  sec  N  =  1,2, ,n  of  N  players 

along  with  the  characteristic  function,  v,  which  assigns 
the  real  number,  v(S_),  to  eacn  nonempty  subset  S_  of  players. 
The  value,  v(S_),  measures  the  worth  or  power  which  the 
coalition,  S_,  can  achieve  when  its  members  act  together. 
Thus,  the  on  1 y  "g i vens" of  the  game  in  characteristic  function 
form  are  the  payoffs  which  each  of  the  possible  coalitions 
can  assure  for  themselves  respectively.   It  is  assumed  that 
side  payments  or  "bribes"  among  the  players  are  possible, 
i.e.,  exchanges  among  the  members  of  a  coalition  to  equalize 
any  inequities  arising  if  they  cooperate.   Usually,  it  is 
also  assumed  that  the  payoffs  are  in  some  conservative  and 
transferable  commodity  (iuch  as  money)  so  that  it  makes 
sense  to  add  the  payoffs  and  to  speak  of  the  joint  payoffs 
accruing  to  each  coalition.   The  number  of  entries  in  a 
characteristic  function  will  i  n  c  i^  e  a  s  e  rapidly  with  the 
number  of  players.   There  will  be  2^^  -  1  coalitions  for  an 
N-oerson  game.   The  characteristic  function  satisfies  the 
following  properties: 


v(SiJT)  >  v(S)  +  v(T 


(7.20) 
(7.21) 
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The  first  property  states  that  the  worth  of  a  coalition 
with  no  members  is  zero.   The  second  property  states  that  the 
worth  of  coalition  to  a  union  of  two  subsets  must  be  at 
least  as  large  as  the  sum  of  the  values  to  the  subsets 
separately.   This  last  property  of  the  characteristic  func- 
tion'is  called  superaddi ti v 1 ty .   If  there  is  strict  equality 
in  the  last  expression,  then  there  is  no  inducement  for  any 
of  the  players  to  join  in  a  coalition  with  any  of  the  others. 
Such  games  are  called  inessential .   The  remaining  games  are 
called   essential  . 

Given  the  characteristic  function  of  a  particular 
game  and  assuming  that  the  players  are  rational,  it  is  nec- 
essary to  determine  which  of  the  possible  coalitions  can  be 
expected  to  form  and  what  ihe  final  disbursement  of  payoffs 
among  players  will  be. 

Let  x(i)  denote  the  payoff  to  the  player  i  if  a 
cooperative  arrangement  is  adopted  and  v(ri)  denote  the 
total  payoff  resulting  from  the  cooperative  arrangement. 
Then  the  solutions  which  are  admissible  satisfy  the  fol- 
io w  i  n  a  : 


X  ( i  )  >_  0  for  all  ie  N 
X  ( -i  )  =  V  (  N  ) 


(7.22 
(7.23 


UH 


The  second  equation  expresses  the  group  rationality 
condition.   If  we  append  to  the  above  conditions,  the 
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individual     rationality    condition 


X ( i )    >      V ( i )    for    all     i  £  N 


(7.24) 


then  tha  solutions  satisfying  tha  above  conditions  are 
called  i  mputa ti  on  s  .   In  order  for  an  imputation  to  be 
seriously  considered  as  a  potential  solution  to  a  bargain- 
ing situation,  it  is  necessary  to  eliminate  some  of  the 
less  attractive  imputations.   Von  Neumann  and  Morgenstern 
(1947)  attack  this  problem  by  introducing  the  concept  of 


d 0 m i  n a tion  .   A ri  imputation  6 


1  ' 


is  said  to 


dominate  an  imputation  y  =  {y^  ,....,-{ ^)    if  there  exists 
_  I       II 

a  coalition,  S  (a  subset  of  H) ,    such  that 


v(S) 


(7.25) 


isS 


5  .    >    V  .  for  eyery    i  in  S_ 


7.26 


An  imputation  which  is  dominated  via  some  set  of  players,  S_, 
does  not  seem  yery    acceptable  as  a  solution  since  these 
players  can  do  better  by  forming  a  coalition  and  "going  it 
alone."   The  essential  idea  behind  the  solution  concept  of 
Von  Neumann  and  Morgenstern  is  that  an  imputation  must  have 
some  stab'ility  properties  to  be  acceptable  as  a  solution. 
However,  t'leir  solution  may  not  be  unique  and  may  consist 
of  a  set  of  imputations.   To  further  narrow  the  set  of 
admissible  i  lioutat  i  on  s ,  we  can  extend  the  principle  of  grouo 
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r a t  i  0 n a  1 i  t V  over  all  subsets  of 


x(i 


v(S)   for  all  ScN 


1 .11 


The  set  of  all  imputations  or  payoff  vectors  satisfying 
equations  (7.22),  (7.23),  (7.24)  and  (7.27)  constitute  the 
core  of  the  gar;e. 

Thus,  the  first  major  extension  of  existing  pro- 
cedures that  is  revealed  using  the  game  theoretic  approach 
is  that  the  notion  of  the  core  of  an  N-person  game  permits 
one  to  delimit  mo^e  sharply  the  subset  of  solutions  which 
are  efficient.   Since  it  does  so  by  examining  only  those 
solutions  which  are  rational  for  each  individual  or  subset 
of  individuals,  these  solutions  are  also  equitable  solutions 

The  concept  of  the  core  can  be  further  illustrated 
by  means  of  the  Edgeworth  trading  box  (Shubik,  1959)  for 
two  traders  1  and  2  with  a  given  quantity  A  and  B  of  their 
product,  respectively.   In  Figure  7-6,  point  0  represents 
the  initial  point  at  which  trader  1  has  A  and  trader  2  has 
E.   The  indifference  curves  of  the  two  traders  are  as 
shown.   The  contract  curve  CC  is  the  solution  in  the  eco- 
nomic sense.   In  game  theory,  it  is  the  core'of  the  game. 
Any  imoutation  on  CC  is  not  dominated  by  any  other  imputa- 
tion outside  C C '  .   Any  point  lying  outside  is  not  jointly 
optimal.   It  should  be  noted  that  the  core  does  not  give  a 
unique  solution.   Furthe)"  in  a  number  of  games  the  core  is 
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RADER  2 


TRADER  I 


INDIFFERENCE   CURVE   FOR  TRADER  I 

INDIFFERENCE  CURVil  FOR  TRa\DER  2 


Figure  7-6.   Relationship  Between  Edgeworth  Box 
and  Core 
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erTipty,  i.e.,  iihere  exists  no  imputation  v/hich  satisfies 
the  core  co;^. ditions. 

Several  authors  (  Schiriei  dl  er ,  1969;  Shapley,  1953; 
Nash,  1970;  Harsanyi,  1959;  Owen,  1968;  Aumann  and  Shapley, 
1970;  Raiffa,  1953)  have  suggested  "additional  assumptions" 
in  opder  to  obtain  a  unique  solution  in  the  game  theoretic 
sense.   These  approaches  are  termed  value  approaches.   The 
essential  object  of  the  value  approaches  is  to  formulate  some 
unique  valuation  of  the  game  for  each  participant  rather 
than  a  solution  such  as  in  Von  Meuir-ann  and  Morgenstern's 
approach  or  as  given  by  the  core.   Further,  it  is  assumed 
throughout  that  these  valuations,  one  for  each  participant, 
will  together  consistute  an  imputation  For  the  game  so  that 
we  are  seeking  some  kind  of  a  reasonable  division  of  the 
maximum  coalition  payoff  among  the  participants.   A  value 
is  usually  arrived  at  via  various  arguments  arising  from 
bargaining  or  arbitration  schemes,  from  equity,  reasonable- 
ness or  fair  division  concepts  or  from  probabilistic  con- 
siderations. 

Two  well-known  approaches  are  by  Shapley  and  Nash. 
Each  of  these  approaches  start  by  defining  a  status  quo 
point.   Shapley  defines  the  status  quo  point  to  represent 
the  security  levels  of  the  players,  i.e.,  what  each  can 
be  sure  to  get  in  tne  game.   In  the  Nash  procedure,  the 
status  quo  point  consists  of  a  choice  of  so-called  ''threat 
strategies"  or  "best"  strategies  available  to  the  players. 
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Thus,  the  bargaining  lever'aoe  is  reflected  iv,    the  Mash  pro- 
cedure.  Luce  and  Raiffa  (1957)  call  Shapley's  approach 
arbitration  and  Nash's  bargaining.   Shapley's  approach  has 
several  equity  properties    (1)  a  player's  payoff  is  based 
on  his  incremental  contribution  and  not  on  the  incremental 
contribution  of  the  others;  (2)  the  sum  of  the  individual 
payoffs  equals  the  total  payoff;  and  (3)  the  payoff  is  in- 
deoendent  of  labeling  or  ordering  of  the  players.   The 
approach  suggested  by  Shapley  is  as  follows: 

The  contribution  which  a  player  can  make  by  joining 
a  coalition  appears, on  intuitive  reasons,  to  be  an  essential 
element  of  his  bargaining  power.   Shapley  considers  the  con- 
cept of  value  in  an  extremely  general  sense  and  postulates 
three  basic  conditions  which  such  concepts  ought  to  satisfy. 
He  then  shews  that  these  conditions,  in  fact,  determine  a 
unique  value  for  each  participant  in  the  game.   Shapley's 
conditions  can  be  viewed  as  general  criteria  of  "fairness" 
which  can  be  useful  in  an  arbitration  procedure.   He 
assumes  that  the  value  of  the  game  to  each  participant 
should  not  depend  on  the  labeling  of  the  participants  and 
that  the  value  for  each  participant  should  be  that  division 
of  the  total  payoff  which  corresponds  to  his  expected  mar- 
ginal contribution  to  any  coalitions,  whose  marginal  con- 


tribution is  given  by 

(v[S]  -  v[S  -  {i}]) 


7.28) 
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If  we  designate  by  a^  (S)  the  probability  that  par- 
ticipant i  will  make  a  iriarginal  contribution  to  any  coali- 
tion S,  then  we  may  express  the  value  c.  of  the  game  to 
participant  i  as 


4,.=  y  a.  (S)  [v(S_)  -  v(S  -  {i})] 
^  i  eS 


(7.29) 


where  the  surrimation  is  over  all  possible  coalitions  among 
the  n  participants.   In  order  to  specify  a  magnitude  for 
a.(3_),  imagine  a  sequence  in  which  participants  join  to- 
gether one  by  one  until  a  particular  s-member  coalition  S_ 
is  formed  and  that  the  remaining  n  -  s  players  continue  to 
join  together  one  by  one  to  form  the  complement  N-^  of  this 
coalition.   This  gives 


and  val  ui 


becomes 


ilzUAAjlllll-   [v(S)  -  v(S  -  {i})]   (7.30) 


s^n 


This  is  known  as  the  Shapley  value  for  the  game.   Thus,  if 
a  ga:T:e  has  a  core,  then  the  Shapley  value  will  give  a  unique 
di  sbursei-ent  of  payoffs  which  falls  within  the  core.   In 
many  games,  one  or  more  of  the  group  rationality  conditions 
may  be  violated,  in  which  case,  the  core  is  empty  and  thus 
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the  S  h  a  p  1  e  y  value,  although  "'  t  exists,  will  not  satisfy 
core  constraints. 


7  . 6     Application  of  Game  Theory  to  Cost  Sharing/ 
Cost  Allocation 


In  order  to  apply  the  above  concepts  to  cost  sharing/ 
cost  allocation,  consider  the  urban  wastewater  problem 
involving  several  participants  (grouos  or  purposes).   Each 
participant  has  the  option  of  building  its  own  separate 
facility  or  joining  with  om    or  more  of  the  other  partici- 
pants in  order  to  construct  a  joint  facility.   Assume  that 
the  coordinated  solution  with  n  participants  is  least 
costly.   How  should  the  costs  of  this  solution  be  appor- 
tioned among  n  participants?   Let 

c(i)  =  cost  of  the  ith  participant  if  he  acts 
independe  n t1 y 

c(N)  =  total  cost  of  the  coordinated  solution 

c(S_)  =  total  cost  of  the  sub  coalition  S_ 

x(i)  =  cost  assigned  to  the  ith  participant 

The  core  of  the  game  is 

X ( i )  <  c ( i  )  for  all  i  e  N 


Zx(i  ) 
ircN 


leii 


c(N) 
x(i )  <  c(S)  for  all  S^r 


(7.31 


I'd  illustrate  the  above,  consider  the  cost-sharing  example 
discussed  in  Section  7.2.  The  characteristic  functions  of 
this  qarre  are 


c(lj  =  C 


c(2) 


c(12)  =  C 


12 


The  core  of  this  game  is 

x(l)  1  c(l) 

x(2)  <  c(2) 

x(l)  +  x(2)  =  c(12) 

The  above  oroblem  can  be  forr.:u  laced  as  a  linear  programming 
probl em   as  follows: 


(7.32 


minimize   =  x ( 1 )  +  x ( 2  ) 
subject  to 

x(l)  1  c(l ) 

x(2)  <  c(2) 

x(l)  +  x(2)  >  C(12} 


7.33 


The  constraint  set  of  the  feasible  region  is'shown  in 
Figure  7-7.   Tne  solution  lies  on  the  line  segment  P'Q' 
which  is  also  the  core  of  this  game.   It  may  also  be  viewed 
as  the  negotiation  set.   Note  that  the  status  quo  point. 
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FEASrBLE 
REGION 


xU)ix(2)  =  c(12) 


COST  TO  CITY  i,  X(I) 


Figure  7-7.   Illustrations  of  Game  Theoretic  Approach 
for  Cost  Sharing/Cost  Allocation 
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in  the  ga.-e  theorac  i  ca  1  seise,  is  ae  Fined  by  the  cost  of 
each  participant  acting  independently.   The  negotiation 
set  also  sac-isfies  the  following  constraints: 


x(l  )  _>  SC^ 


x(2)  >  SC.  . 


7.34 


The  above  constrairits  ensure  that  each  participant  pays  at 
least  its  marginal  cost.   For  n  >  2,  constraints  of  the 
above  nature  may  further  narrow  the  negotiation  set. 

Given  this  negotiation  set,  any  allocation  vehicle 
acceptable  to  all  participants,  may  be  used  to  determine 
the  unique  solution.   This  solution  will  satisfy  the 
efficiency/equity  criteria.   If  the  Shapley  value  is  used 
as  a  distribution  device,  then 


'1 


=  l/2(c(l))  ^  l/2(c(12)  -  c(2)) 


-  l/2(c(l))  +  1/2SC^ 
and   ©2  -    l/2(c(2))  +  I/2SC2. 


(7.35) 
(7.36) 


The  unique  solution,  [^■.,<^,,^),    is  represented  by  the  mid- 
point of  tne  negotiation  set  P'O'  in  Figure  7-7.   It  is 
interesting  to  note  that,  in  this  case,  Nash's  procedure 
yields  the  same  status  quo  point,  as  well  as  the  same  unique 
solution,  as  that  given  by  Shap ley's  approach.   It  will 
be  shewn  in  Section  7.7  tnat  Shapley  values  also 
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ensure  that  each  participant  pays  at  least  its  marginal 
cost . 

It  should  be  noted  that  solution  set,  as  well 
as  the  unique  solution  provided  by  the  game  theoretic  ap- 
proach, relies  entirely  on  the  assumptions  embedded   in  the 
development  of  characteristic  functions.   Usually  in  game 
theory  it  is  assumed  that  members  not  in  a  coalition  under 
consideration  would  form  a  directly  competitive  counter 
coalition  which  leads  to  a  minimax  solution  of  a  two-per- 
son game.   Screnson  (1972)  generalized  some  of  the  notions 
of  cooperative  N -person  game  theory  to  the  cases  where 
alternative  definitions  of  the  characteristic  functions  may 
be  used.   Three  definitions  are  listed  below. 


C-,  (i)  ^  value  to  coalition  if  S^  is  given  preference 
0  V  e  r  f  J  -  S  ; 


c^ls; 


value  of  coalition  to  S_  if  N-S_  is  not 
p  resent ; 


03(8) 


value  of  coalition  to  S_  if  H-S_   is  given 
preference . 


The  "ideal"  solution  derived  by  STEM  procedure  corresponds 
to  the  first  definition  of  the  characteristic  function.   It 
was  shown  in  Section  7.3  that  this  did  not  result  in 


cooperative  situations.   The  status  quo  point  A  in  Figure 
7-";  is  an  example  of  the  characteristic  function  C2(i)  as 
the  ownership  of  tne  facilities  is  prespecified  and  N-^ 
could  be  viewed  as  not    present.   As  seen  from  Figure  7-1, 
this  leads  to  a  cooperative  situation.   The  situation 
where  N-S_  is  given  preference  over  S_  can  be  examined  by 
i^efer'-ing  to  Figure  7-2.   This  definition  of  characteristic 
function  leaos  to  status  quo  point  A  which  clearly  results 
inacocperativesituation. 

Indeed  one  can  generalize  that  in  resource  alloca- 
tion and  cost-sharing/cost.-al  1  ocation  problems,  coalitions 
are  never  advantageous  using  c-j  (S_)  and  never  disadvantageous 
using  c^(S);  c^lS)  is  relevant  only  in  resource  allocation 
problems  where  ownership  of  a  resource  may  be  specified. 
Thus,  it  is  seen  that  the  security  level  depends  upon  how' 
the  characteristic  function  is  defined.   For  the  case  where 
ownership  is  not  specified  a  priori,  only  definition  3  of 
the  characteristic  function  guarantees  a  cooperative  situ- 
ation.  These  results  can  be  usefully  applied  in  multi- 
objective  planning  as  well  as  in   cost-sharing/cost-alloca- 
tion.  Suppose  that  STEM  procedure  is  modified  so  that  the 
so-called  "ideal"  solution  is  obtained  by  giving  preference 
to  H-S    rather  than  S.   The  solution  will  then  correspond  to 
the  status  quo  points  shown  in  Figures  7-3  and  7-4.   It 
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is  seen  thidt  this  solution  is  not  only  feasible  but  also 
guarantees  a  cooperative  situation.   Therefore,  the  decision 
making  process  would  involve  bargaining  rather  than  sacri- 
ficing.  This  enhances  the  chances  of  implementing  a  plan. 
Similarly,  C3(S_)  presents  a  reasonable  basis  for  computing 
alternative  costs  of  various  coalitions. 

Charnes  and  Sorenson  (1972)  mention  several  desir- 
able characteristics  of  03(5).   Some  of  these  are 

(1)  The  definition  of  c^(S_)  assumes  that  each 
coalition  acts  rationally  in  its  own  interest. 
Further  it  pr'ovides  a  minimum  value  for  each 
coalition  civen  that  everyone  acts  rationally, 
and  thus  provides  a  basis  for  bargaining.   The 
value  is  obtained  by  allowing  the  opposing 
coalition  tc  have  the  first  choice;  this  con- 
forms to  experience  where  first  choice  in  a 
competitive  situation  is  desirable. 

(2)  For  a  decomposable  joint  cost  problem  c^d) 
is  identical  to  C2(S^)  which  is  probably  the 
most  natural  characteristic  function  in  scarce 
resource  allocation  problems,  such  as  water 
resources  development. 

The  game  theoretic  approach  has  been  applied  for 
allocation  of  joint  costs.   Shubik  (1954b)  and  Littlechild 
(1970)  set  up  characteristic  function  games  to  describe 
the  allocation  of  joint  cases.   Each  of  these  authors  used 
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3  s  u  p  e  r  a  d  d 1 1  i  V  e  characteristic  function  and  used  the 
Shapley  value  as  a  distribution  device.   Loehfnan  and 
Whinstcn  (1970)  have  also  demonstated  allocation  of  joint 
costs  using  the  Shapley  value  as  a  distribution  device. 
Use  of  the  gaite  theoretic  approach  to  cos  t-shari  ng/cost- 
allocation  with  the  Shapley  value  as  a  distribution  device 
can  be  illustrated  by  means  of  the  following  examples  per- 
taining to  the  hypothetical  planning  area. 

The  first  example  pertains  to  multipurpose  waste- 
water management  for  city  6  as  discussed  in  Section  6.4. 
The  three  players  are 

(1)  dry-weather    quality    control 

(2)  wet-weather    quality    control 

(3)  wet-weather   quantity  control. 

There  are  2^-1  or  7  possible  coalitions  to  be  analyzed. 

[1]   [2]   [3] 
[12]  [13]  [23] 
[123] 


The  next  step  in  the  analysis  is  to  find  the  characteristic 
function  values  for. the  above  combinations.   This  represent: 
the  total  cost  to  the  coalition.   These  values  are  listed 
in  Table  6-1.   The  core  of  this  game  is  delimited  by 
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x(l)  <  108 

x(2)  1  51 

X  (  3  )  <_  115 

x(l )  +  x(2)  <  157 

x( I )    +    x(3)  <  223 

x(2)+   x(3)  <_  124 

x(l )+x(2)+x(3)  -  230 


(7.37) 


Assuming  that  all  coalitions  are  equilikely,  there  are  3! 
ways  of  forming  the  grand  coalition  as  listed  belovj: 

123    213    312 

132    231    321. 
Then,  the  Shapley  value  for  purpose  i  is  the  expected  value 
of  the  cost  summed  over  the  above  coalition  formation  se- 
quences or 


^^    =  1/3(108)  +  1/5(157-51)  +  1/6(223-115)  +  1/3(230-124! 


=  $107/acre 


(^  =  S29/acre,  and 


O3  =  S94/acre, 


Note  that  that   ^   q^ 

i  =  l 
fall  within  the  core  of  the  game 


-h .    =  230  and  that  the  Shapley  value  does 
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The  second  exampie  pertains  to  the  domestic  waste- 
water management.   The  least-cost  solution  (^Strategy  6, 
Table  4-1)  requires  joint  use  of  facilities  by  cities  1 
through  6.   In  this  case,  city  7  is  assigned  its  separate 
cost.   Application  of  the  game  theoretic  approach  to  de- 
termine cost  shares  for  city  1  through  6  requires  that 
2'-l  or  63  coalitions  be  analyzed  and  characteristic  func- 
tion values  for  all  these  coalitions  be  calculated.   The 
cost  snare?  usin;;  theShapley  value  approach  are  listed  in 
Table  ^-1.   Also  listed  in  Table  7-1  are  the  costs  for  the 
complete  decentralization  strategy  (Strategy  1,  Table  4-1). 
Note  that  the  assigned  costs  are  less  than  the  separate 
plant  costs  . 


7 .  7     Relationship  B  et\;een  Game  Theoretic   Approach  and 

Conventional  Cost-Sharing/ Cost-Allocation  Procedures 
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Consider  the  Shapley  value  given  by  equation 


=    i/2(c(l))  +  l/2(c(12)-c(2 
c(l )  +  c(12)  -  c(2) 


[c(12)-c(2)]  .  lci^)-^'^)-ci^2)] 


f1  u  1  t  i  p  1  y  i  n  g  and  dividing  the  second  term  in  the  above  ex- 
pression by  [ c  ( 1  )  +  c ( 2 )  -  c ( 1 2  )  ]  yields 


211 


E 
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,    [c(1)^c(2)-c(12}irc(l)+c(2)-cfl2)] 
2c(l)   +  2cuT~-   2c02T 

l?^        -'?)   +  [c(l)-(c(l2)-c(2)][c(12)-(c(12)-c(2;   +  c(12)-c(1))] 


But  c(12)    -    c(2)    =    SC 


and  c(12)    -    c(l  )    =    SC. 


and  c(12)    -    ( c ( 1 2 ) -c ( 2 ) +c (1 2  ) -c ( 1  ) )    =    NSC 


Tfierefore,    by    substitution    in    equation    (7.3i 


(7.38 


c  ( 1  )  -  5  C  . 


4)^  =  SC^  +  -^ 


NSC 


2   c  ( i 


SC 


1  =  ! 


i  =  l 


(7.39 


Comparing  equation  (7.39)  with  equation  (7.5)  yields 


c(l )  -  SC 


7.4( 


i-1 


The  above  value  of  Si  is  identical  to  that  which  would  be 
obtained  from   equation  ^7.19)  if  alternative  cost  is 
used  as  an  allocation  vehicle.   Therefore,  equation  (7.39) 
shows  that  the  cost.s  assigned  by  rheShapley  value  in  a  two 
person  game  are  iaentical  to  the  alternate  cost  method  dis 
cussed  in  Section  7.4.   It  is  also  seen  that  the  Shapley 
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values  will  always  be  on  line  segment  P '  Q '  (Figure  1 -1)  . 
I'.'hen  n  >  2,  the  cost  assignment  using  the  Shapley  value 
may  not  be  identical  with  the  costs  assigned  by  using 
alternative-cost  approach  because  the  Shapley  value  takes 
into  account  more  information  (additional  coalitions  and 
their  probability)  than  does  the  alternative-cost  method. 
A  comparison  of  the  number  of  characteristic  functions 
used  in  each  of  the  two  approaches  is  presented  in  Table 
7-2. 

Table  7-2 

Comparison    of    Characteristic    Function    Used 
by   Alternative-Cost    Method 
and    Game-Theoretic    Approach 


N'umber  of  Users 


Alternative 
Cost-Method 


Game -Theoretic  Approach 


2 

7 

9 

11 

13 


2 

7 

15 

31 

63 


A  comparison  of  cost  a poorti onment  using  the  Shapley 
value  approach  and  the  alcer native-cost  approach  is  presented 
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in  Table  7-3  for  the  domestic  wastewater  management  ex- 
ample.  The  results  are  qui!:e  close.   Thus,  tne  alternative- 
cost  appr'Odch  may  be  viewed  as  an  approximation  of  the 
Shapley  value  approach  for  large  n.   This  result  is  quite 
useful  because  as  the  numbe)^  of  participants  in  a  game 
increases,  calculation  of  all  characteristic  function 
values,  as  well  as  the  computation  of  Shapley  values,  be- 
comes tedious.   Therefore,  use  of  tiie  alternative-cost 
approach  allows  simplificatiop.  o,-  the  computations.   The 
alternative-cost  approach  has  oeen  criticized  because  of 
the  difficulties  in  defining  proper  alternatives  (James 
and  L.ee,  1971).   However,  the  game  theoretic  approach 
allows  these  costs  to  be  defined  unambiguously  as  discussed 
in  the  previous  section. 


7.8 


Summarv 


This  chapter  has  presented  criteria  for  integrated 
efficiency/equity  analysis.   Economists  have  argued  that  for 
efficiency  and  equity,  it  is  necessary  th, at  total  costs  be 
covered  and  that  each  user  be  assessed  on  the  basis  of 
inarginal  cost  of  serving  that  user.   Using  this  argument 
as  the  criterion,  the  cost-sharing /cost-allocation  problem 
involves  selection  of  an  appropriate  allocation  vehicle  for 
allocating  the  joint  or  nonseparable  costs.   Of  the  conven- 
tional cost-sharing /cost-allocation  procedures,  because  of 
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tne  difficulties  "in  defining  benefits,  only  the  alternative- 
cost  approach  ensures  ef f i c i ency/ equ i ty  in  wastewater  man- 
agement, provided  that  the  alternative  costs  are  properly 
defined.   The  concepts  from  N-person  game  theory  permit  us 
to  define  these  costs.   Further,  those  concepts,  when 
applied  to  allocation  problems,  yield  a  negotiation  set 
which  also  meets  the  following  ef fi c i ency /equ i ty  criteria: 

(1)  each  user  must  pay  at  least  its  marginal  cost;  and 

(2)  the  cost  assigned  to  each  user  is  no  more  than  his 
cost  to  use  an  alternative  strategy.   Given  this  negotia- 
tion set,  one  may  utilize  any  allocation  vehicle,  accept- 
able to  all  the  particpants,  for  allocating  the  joint 
costs.   Such  a  vehicle  could  be  the  alternative-cost 
approach,  game  theory  value  approacnes  or  even  the  en- 
vironmental and  social  impacts,  if  these  can  be  quantified 
i  n  common  terms . 

In  problems  involving  a  large  number  of  participants, 
it  may  be  cumbersome  to  check  whether  the  solution  satisfies 
the  core  conditions  as  wel^  as  the  marginal  cost  constraints. 
In  such  situations,  it  is  suggested  that  the  solution  be 
checked  only  for  a  few,  but  relatively  important,  constraints 
In  cases  where  the  grand  coalition  is  comprised  of  one  more 
more  inessential  subcoal i t i ons  ,   the  Shapley  values  may  not 
fall  in  the  core.   In  such  cases  it  is  necessary  to  check 
'che  subcoal  it  ions  in  order  to  determine  that  subcoal  ition 
which  offers  a  player  the  most  savings. 
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The  gsme  theoretic  approach  can  also  be  useful  in 
niulti  objective  solution  techniques  such  as  STEM.    The 
concepts  allow  the  decision  making  problem  to  be  formulated 
as  a  cooperative,  rather  than  a  competitve,  situation. 


CHAPTER  8 
SUMMARY 


This  research  has  devaloped  procedures  for  efficient 
and  equitable  u!"ban  //as  tewa  ^-.er  management.   The  three  main 
areas  of  concern  in  urban  wastewater  management  which  were 
examined  were    (1)  control  of  highly  polluted  domestic 
wastewater;  (2)  control  of  quantity  of  stormwater  runoff; 
and  (3)  control  of  stormwater  runoff  quality.   In  the  past, 
efforts  concentrated  primarily  on  the  first  two  areas. 
However,  the  recent  legislation  (Federal  Water  Pollution 
Control  Act  Amendments  of  1972)  has  recognized  the  need  for 
wastewater  management  in  all  three  areas  in  order  to  achieve 
goals  of  "swimmable  and  fishable"  waters  by  1933.   Conse- 
quently, Section  208  of  the  Act  requires  area-wide  wastewater 
management  in  those  urban  areas  which  have  severe  water 
quality  problems.   The  objective  of  the  planning  is  the 
identification  of  an  alternative  for  urban  wastewater 
management  that  is  cost  effective,  impl emen tabl e  and 
publicaliy  acceptable.   Since  an  urban  area  usually  involves 
several  separate  pcl^ical  entities,  the  urban  wastewater 
management  problem,  in  the  context  of  203  planning,  is  a 
multipurpose,  mu 1 t i ob j ec ti ve  and  multigroup  problem. 

218 


219 


Concepts  from  econoaric  tneory  as  v;ell  as  from  mul- 
tiobjective  planning  as  they  relate  to  urban  wastewater 
management  wer'e  discussed  and  the  importance  of  efficiency 
as  well  as  equity  was  outlined.   Identification  of  a  cost- 
effective  solution  involves  formulation  of  alternative 
strategies  and  determining  their  associated  costs  as  well 
as  environmental  and  social  inputs.   Therefore,  procedures 
for  formulating  alternative  strategies   and   determining 
tneir  annual  costs  wer-e  described.   The  problem  of  evaluat- 
ing environmental  and  social  aspects  was  not  addressed. 

Formulation  of  wastewater  management  strategies 
and  determination  of  their  costs  require  a  knowledge  of 
wastewater  flows,  pollutant  loading,  performance  data  on 
wastewater  control  devices,  and  their  associated  capital 
and  operation  and  maintenance  costs.   This  information  was 
developed  in  Chapter  2. 

Strategies  for  urban  domestic  wastewater  management 
can  be  formulated  and  their  costs  determined  in  accordance 
with  the  procedures  presented  in  Chapter  4.   Strategies  for 
wet-weather  quantity  and  quality  control  can  be  formulated 
in  accordance  with  procedures  presented  in  Chapter'  5. 
Multipurpose  wastewater  planning  is  discussed  in  Chapter  5. 
Procedures  are  also  presented  in  that  chapter  for  determining 
costs  associated  with  various  multipurpose  strategies. 

An  essential  part  of  the  implementation  phase  is 
the  assignment  of  financial  responsibility  of  the  selected 
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strategy  among  various  groups/purposes.   This  analysis  is 
ter'Tied  integrated  efficiency/equity  analysis  and  invo'^ves 
apportioning  of  joint  costs  among  purposes /groups  in  a 
manner  that  is  equitable  and  thus  encourages  implementation 
Mult i objective  solution  techniques  as  well  as  conventional 
cost-shari ng/cos t- al 1 ocati on  techniques  were  reviewed  in 
Chapter  7.   A  brief  review  of  the  N -person  game  theory  was 
then  presented.   It  was  shown  how  these  concepts  are  also 
useful  in  mu It i objective  solution  techniques.   The  game 
theoretic  approach  was  then  related  to  conventional  cost 
sharing  techniques.   The  procedures  discussed  in  this  work 
were  illustrated  by  means  of  a  hypothetical  planning  area 
example. 
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